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The history of probiotics and fermented products has evolved over millennia [1,2].
Traditional food fermentation benefited from people’s appreciation of its unique flavor
and texture, while modern fermentation technology places more emphasis on the produc-
tion of bioactive metabolites during fermentation [3–5]. These metabolites can enhance
the bioavailability of functional components in food and offer numerous health advan-
tages [6–8]. Modern technology relies on the selection of specific starter cultures to achieve
the optimally expected target, such as improving the flavor, texture, bioavailability, or
preventing specific diseases [9–13]. In recent years, an increasing number of studies have re-
vealed the beneficial roles of probiotics and fermented products in human wellness [14–16].
Therefore, their applications in food, medicine, and other functional products has garnered
growing attention. However, there are still many aspects of these probiotics and fermented
products that have not been fully elucidated [17]. These include the identification and
screening of strains in fermented products, optimizing of the fermentation process, un-
derstanding the succession law of flora in fermented products, exploring the correlation
between microbiota and flavor in fermented products, understanding their roles in the
preparation of various fermented foods, their varying tolerances to temperature, pH, and
other environmental factors, improvement strategies, and the detailed molecular mech-
anisms and key active ingredients of these probiotics and fermented products in health
regulation functions, among others [18–20].

In an era where the quest for optimal health intersects with the science of food and
nutrition, the exploration of probiotics and fermented products emerges as a pivotal domain.
This Special Issue of Foods, titled “Current Research on Probiotics and Fermented Products”,
offers a comprehensive dive into the current state and future trajectory of this vibrant
field. With three review papers and seven research articles, this collection illuminates
the multifaceted roles of microorganisms in foods, health, and diseases, underscoring the
ancient art of fermentation as a cornerstone of modern food and nutrition science.

Lactic acid bacteria (LABs) are beneficial microbes known for their health-promoting
properties. LABs are well known for their ability to produce substantial amounts of bioac-
tive compounds during fermentation. Peptides, exopolysaccharides (EPS), bacteriocins,
some amylases, proteases, lipase enzymes, and lactic acid are the most important bioactive
compounds generated by LAB activity during fermentation. Furthermore, the product
produced by LAB is dependent on the type of fermentation used. LABs derived from
the genera Lactobacillus and Enterococcus are the most popular probiotics at present. Con-
suming fermented foods has previously been associated with several health-promoting
benefits, such as antibacterial activity and modulation of the immune system. Furthermore,
functional food implementations lead to the application of LABs in therapeutic nutrition,
such as prebiotic, immunomodulatory, antioxidant, antitumor, and blood-glucose-lowering
actions. Understanding the characteristics of LABs from various sources, and its potential
as a functional food, is crucial for therapeutic applications. The review by Hakim et al.
presents an overview of functional food knowledge regarding interactions between LABs
isolated from dairy products (dairy LABs) and fermented foods, as well as the prospect of
functioning LABs in human health. Finally, the health advantages of bioactive compounds
from LABs are emphasized.

Foods 2024, 13, 1406. https://doi.org/10.3390/foods13091406 https://www.mdpi.com/journal/foods1
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Plant-based drinks have garnered significant attention as viable substitutes for tradi-
tional dairy milk, providing options for people who are lactose intolerant or allergic to dairy
proteins and those who adhere to vegan or vegetarian diets. In recent years, the demand
for plant-based drinks has expanded rapidly. Each variety has unique characteristics in
terms of flavor, texture, and nutritional composition, offering consumers a wide range
of choices tailored to meet individual preferences and nutritional needs. In the review
by Xie et al., they aimed to provide a comprehensive overview of the various types of
plant-based beverages and explore potential considerations, including their nutritional
compositions, health benefits, and processing technologies, as well as the challenges facing
the plant-based beverage processing industry. This review explores the scientific evidence
supporting the consumption of plant-based beverages, discusses their potential role in
meeting dietary requirements, and addresses current limitations and concerns about their
use. In conclusion, this review illuminates the growing importance of plant-based drinks as
sustainable and nutritious alternatives to dairy milk, and assists people in making informed
choices about their dietary habits, expanding the potential applications for plant-based
drinks, and providing the necessary theoretical and technical support for the development
of a plant-based drink processing industry.

Functional dyspepsia (FD) is a common functional gastrointestinal disorder. Patho-
physiology remains poorly understood; however, alterations in the small intestinal micro-
biome have been observed. Current treatments for FD with drugs are limited, and there
are certain safety problems. A class of active probiotic bacteria can control gastrointestinal
homeostasis, nutritional digestion and absorption, and energy balance, when taken in
certain doses. Probiotics play many roles in maintaining the intestinal microecological
balance, improving the intestinal barrier function, and regulating the immune response.
The presence and composition of intestinal microorganisms play a vital role in the onset
and progression of FD, and serve as a critical factor for both regulation and potential
intervention regarding the treatment of this condition. Thus, there are potential advantages
to alleviating FD by regulating the intestinal flora using probiotics that target intestinal
microorganisms. The review by Shen et al. summarizes the progress of probiotic research
in improving FD by regulating intestinal flora and provides a reference basis for probiotics
to improve FD.

Fermented dairy foods, such as yogurt, exhibit some beneficial effects on consumers,
including relieving symptoms of hypertension. The study by Yu et al. aims to obtain
fermented dairy products from a co-starter that has a great flavor and the auxiliary function
of reducing blood pressure after long time consumption. Commercial starter cultures
composed of Lactobacillus delbrueckii subsp. bulgaricus CICC 6047 and Streptococcus ther-
mophilus CICC 6038 were combined with Lactobacillus plantarum strains Y44, Y12 and
Y16, respectively, as a combined starter culture to ferment a mix of skim milk and soy-
bean milk. The fermented milk produced using the combined starter culture mixed with
L. plantarum Y44 showed an inhibitory activity of the angiotensin converting enzyme (ACE)
(53.56 ± 0.69%). Some peptides that regulate blood pressure were released in fermented
milk, such as AMKPWIQPK, GPVRGPFPII, LNVPGEIVE, NIPPLTQTPV, and YQEPVL. In
spontaneously hypertensive rat (SHR) oral administration experiments compared to the
gavage unfermented milk group, gavage feeding of SHR with fermented milk produced
using the combined starter culture mixed with L. plantarum Y44 significantly reduced SHR
blood pressure after long-term intragastric administration, shown with the systolic blood
pressure (SBP) and diastolic blood pressure (DBP) decreasing by 23.67 ± 2.49 mmHg and
15.22 ± 2.62 mmHg, respectively. Furthermore, the abundance of short-chain fatty acids
(SCFA), bacterial diversity in the gut microbiota, and SCFA levels, including acetic acid,
propionic acid, and butyric acid in the feces of SHRs, were increased by oral administration
of fermented milk produced using the combined starter culture containing L. plantarum Y44.
Furthermore, the ACE-angiotensin II (Ang II)-angiotensin type 1 (AT 1) axis was negatively
regulated, the angiotensin-converting enzyme 2 (ACE 2)-angiotensin(1-7) (Ang1-7)-Mas
receptor axis of SHRs was positively regulated, and then the RAS signal was rebalanced.
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Fermented milk obtained from the combined starter culture shows the potential to be a
functional food with antihypertensive properties.

The creation of functional foods through the enrichment of new foods with probiotic
organisms or spores is a promising approach. The study by Suwanangul et al. investi-
gates the use of encapsulating agents to establish a synbiotic relationship with Bacillus
coagulans (TISTR 1447). Various proportions of wall materials, such as skim milk powder,
maltodextrin, and cellulose acetate phthalate (represented as SMC1, SMC3, SMC5 and
SMC7), were examined. In all formulations, 5% inulin was included as a prebiotic. The
research evaluated their impact on cell viability and bioactive properties during both the
spray-drying process and in vitro gastrointestinal digestion. The results demonstrate that
these encapsulating agents efficiently protect B. coagulans spores during the spray drying
process, resulting in spore viability exceeding 6 log CFU/g. In particular, SMC5 and SMC7
displayed the highest spore viability values. Furthermore, SMC5 showed the most no-
table antioxidant activity, encompassing DPPH, hydroxy radical, and superoxide radical
scavenging, as well as significant antidiabetic effects through the inhibition of α-amylase
and α-glucosidase. Furthermore, during simulated gastrointestinal digestion, both SMC5
and SMC7 exhibited a slight reduction in spore viability during the 6 h simulation. Conse-
quently, SMC5 was identified as the optimal condition for synbiotic production, providing
protection to B. coagulans spores during microencapsulation and gastrointestinal diges-
tion while maintaining bioactive properties after encapsulation. Synbiotic microcapsules
containing SMC5 showed a remarkable positive impact, suggesting its potential as an
advanced food delivery system and a functional ingredient for various food products.

Wild artisanal cultures, such as a symbiotic culture of bacteria and yeast (SCOBY) and
water kefir grains (WKG), represent a complex microorganism consortium composed of
yeasts and lactic and acetic acid bacteria, with large strains of diversity and abundance.
Fermented products (FP) obtained by the contribution of the microbiome can be included
in functional products, due to their metabiotics (pre, pro, post and paraprobiotics) resulting
from complex and synergistic associations, as well as due to metabolic functionality. In
the study performed by Pihurov et al., consortia of both SCOBY and WKG were involved
in the cofermentation of a newly formulated substrate, which was further analyzed with
the aim of increasing the postbiotic composition of the FPs. Plackett–Burman (PBD) and
Response Surface Methodology (RSM) techniques were used for the experimental designs
to select and optimize several parameters that influence the lyophilized starter cultures
of SCOBY and WKG activity as a multiple inoculum. Tea concentration (1–3%), sugar
concentration (5–10%), raisins concentration (3–6%), SCOBY lyophilized culture concen-
tration (0.2–0.5%), WKG lyophilized culture concentration (0.2–0.5%), and fermentation
time (5–7 days) were considered the independent variables for mathematical analysis and
optimization of fermentation conditions. Antimicrobial activity against Bacillus subtilis
MIUG B1, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922, and Aspergillus
niger MIUG M5, antioxidant capacity (DPPH), pH and total acidity (TA) were evaluated as
responses. The rich postbiotic bioactive composition of the FP obtained under optimized
biotechnological conditions highlighted the usefulness of the artisanal cocultures through
their symbiotic metabolic interactions for the improvement of bioactive potential.

To develop a new or better combination of probiotics and/or probiotic-prebiotics
for a healthy functional food ingredient or a remedial agent to treat or prevent obesity,
the potential antiobesity efficacy of Lactobacillus rhamnosus BST-L.601 and its fermented
product (named SPY) with mashed sweet potato paste were investigated using 3T3-L1
preadipocytes and obese mice induced by the high fat diet (HD) by Kang et al. SPY
(0–0.5 mg/mL) dose dependently and significantly reduced lipid accumulation and TG
content and the expression of adipogenic markers (C/EBPα, PPAR-γ, and aP2) and fatty
acid synthetic pathway proteins (ACC and FAS) in adipocytes 3T3-L1 adipocytes, demon-
strating that SPY suppresses adipocyte differentiation and lipogenesis. Oral administration
of SPY (4 × 107 CFU/kg body weight) to HD-induced obese mice for 12 weeks significantly
reduced body and liver weight, adipocyte size, and epididymal, visceral, and subcutaneous

3



Foods 2024, 13, 1406

fat tissues weight. SPY was more effective in decreasing body weight gain in HD mice
than in treatment with BST-L.601 alone. The administration of SPY or BST-L.601 also
reduced the serum level of total cholesterol and LDL cholesterol and leptin secretion to
a similar level. These results revealed that both SPY and BST-L.601 effectively suppress
HD-induced adipogenesis and lipogenesis, suggesting that these materials would be useful
in the functional foods industry to improve and/or prevent obesity.

Lacticaseibacillus paracasei (formerly Lactobacillus paracasei) is a nomadic LAB that
inhabits a wide variety of ecological niches, from fermented foodstuffs to host-associated
microenvironments. Many isolated strains of L. paracasei have been used as single-strain
probiotics or as part of a symbiotic consortium within formulations. The study proposed
by Moiseenko et al. contributes to the exploration of different strains of L. paracasei de-
rived from non-conventional isolation sources, the traditional South African fermented
drink mahewu (strains MA2 and MA3) and kefir grains (strains KF1 and ABK). The mi-
crobiological, biochemical, and genomic comparative analyses performed on the studied
strains demonstrated a correlation between the properties of the strains and their isolation
source, suggesting the presence of at least partial adaptation of the strain to the isolation
environments. Furthermore, for the studied strains, antagonistic activities against common
pathogens and against each other were observed, and the ability to release bioactive pep-
tides with antioxidant and angiotensin I-converting enzyme inhibitory properties (ACE-I)
during milk fermentation was investigated. The results obtained may be useful for a deeper
understanding of the nomadic lifestyle of L. paracasei, and for the development of new
starter cultures and probiotic preparations based on this LAB in the future.

Greek yogurt is a strained yogurt with a high protein content that provides nutritional
benefits. To enhance the functional benefits of Greek yogurt, Yang et al. formulated Greek
yogurt with various combinations of probiotic LAB (Streptococcus thermophilus, Lactobacillus
bulgaricus, Lactobacillus gasseri BNR17, and Lactobacillus plantarum HY7714) by Yang et al.
Effects of probiotic LAB were compared on the quality, sensory and microbiological charac-
teristics of Greek yogurt. Among the samples, Greek yogurt fermented with S. thermophilus
and L. bulgaricus showed the highest changes in pH and titratable acidity during 21 days
of storage at 4 ◦C. Greek yogurt fermented with L. plantarum HY7714 had a higher vis-
cosity than other samples. Greek yogurt fermented with S. thermophilus, L. bulgaricus, L.
gasseri BNR17 and L. plantarum HY7714 showed superior physicochemical properties, and
received the highest preference score from sensory evaluation among samples. In general,
the enterohaemorrhagic Escherichia coli (EHEC) population was more effectively reduced
in fermented Greek yogurt with probiotic LAB than in commercial Greek yogurt during
storage at 4, 10, and 25 ◦C. Therefore, the addition of L. gasseri BNR17 and L. plantarum
HY7714 as starter cultures could improve the microbial safety of Greek yogurt and the
sensory acceptance of consumers.

Taking into account the need for functional foods and the use of by-products of
the food industry, Mendonça et al. developed a potentially functional ice cream using
soy extract, soy kefir, and dehydrated jaboticaba peel. Five ice creams were made using
soy kefir (K) and soy extract (S): (1) GS-100% S; (2) GK1-75% S/25% K; (3) GK2-50%
S/50% K; (4) GK3-25% S/75% K; and (5) GK-100% K. The products were evaluated by
physicochemical, microbiological, and sensory analyses. The addition of kefir was found to
increase the acidity of the products. The concentrations of total phenolic compounds in the
kefir formulations were approximately ten times higher than those of the GS formulation.
All products presented concentrations of thermotolerant coliforms < 3 NMP/g and absence
of Salmonella ssp. The viability of Lactobacillus ssp., Streptococcus spp., and Bifidobacterium
ssp. was greater than 10 log CFU/g during the storage period. GS and GK1 formulations
had the lowest scores, while GK ice cream was preferred. The formulations showed distinct
sensory profiles in the CATA and ice cream with 100% kefir was associated with desirable
attributes. The ice creams exhibited microbiological and sensory characteristics that meet
the expectations of the target audience of the product.
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The investigation into probiotics and fermented products represents an interdisci-
plinary endeavor, integrating scientific inquiry, food science innovation, and societal impact.
Ongoing research efforts are uncovering new advancements and potential in probiotics
and fermented foods, offering insights that go beyond traditional fermentation practices.
As we delve further into this realm of complexity, the opportunities for creativity, health
promotion, and sustainability in probiotics and fermented products continue to expand
and remain ready for exploration.
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Abstract: Fermented dairy foods such as yogurt exhibit some beneficial effects on consumers, includ-
ing relieving the symptoms of hypertension. This study aims to obtain fermented dairy products
from a co-starter that have a great flavor and the auxiliary function of reducing blood pressure
after longtime consumption. Commercial starter cultures composed of Lactobacillus delbrueckii subsp.
bulgaricus CICC 6047 and Streptococcus thermophilus CICC 6038 were combined with Lactobacillus
plantarum strains Y44, Y12, and Y16, respectively, as a combined starter culture to ferment the mixed
milk of skim milk and soybean milk. The fermented milk produced using the combined starter culture
mixed with L. plantarum Y44 showed an angiotensin-converting-enzyme (ACE) inhibitory activity
(53.56 ± 0.69%). Some peptides that regulate blood pressure were released in the fermented milk,
such as AMKPWIQPK, GPVRGPFPII, LNVPGEIVE, NIPPLTQTPV, and YQEPVL. In spontaneously
hypertensive rat (SHR) oral-administration experiments compared with the gavage unfermented
milk group, the gavage feeding of SHRs with the fermented milk produced using the combined
starter culture mixed with L. plantarum Y44 significantly reduced the blood pressure of the SHRs after
long-term intragastric administration, shown with the systolic blood pressure (SBP) and diastolic
blood pressure (DBP) decreasing by 23.67 ± 2.49 mmHg and 15.22 ± 2.62 mmHg, respectively.
Moreover, the abundance of short-chain fatty acids (SCFA), bacterial diversity in the gut microbiota,
and SCFA levels including acetic acid, propionic acid, and butyric acid in the feces of the SHRs
were increased via oral administration of the fermented milk produced using the combined starter
culture containing L. plantarum Y44. Furthermore, the ACE-angiotensin II (Ang II)-angiotensin type
1 (AT 1) axis was downregulated, the angiotensin-converting-enzyme 2 (ACE 2)-angiotensin(1-7)
(Ang1-7)-Mas receptor axis of the SHRs was upregulated, and then the RAS signal was rebalanced.
The fermented milk obtained from the combined starter culture shows the potential to be a functional
food with antihypertension properties.

Keywords: hypertension; ACE inhibitory peptide; fermented milk; gut microbiota; SCFAs

1. Introduction

Hypertension is a prevalent chronic disease that stands as a leading contributor to the
global disease burden. It serves as a clear risk factor for conditions such as coronary heart
disease, stroke, and atherosclerosis, and causes damage to both the kidneys and cerebral
blood vessels [1]. The induction of hypertension is attributed to a complex interplay of var-
ious factors, including genetics, environmental influences, vascular remodeling, excessive
endothelin release, and the upregulation of the renin–angiotensin-system (RAS), among
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others. The RAS is a major factor controlling blood pressure changes and is mediated by
the important stress hormone angiotensin II (Ang II), leading to powerful vasoconstriction
effects. The heart of this system is the angiotensin-converting-enzyme (ACE), which is
responsible for catalyzing the conversion of angiotensin I (Ang I) to Ang II, and it is consid-
ered to be the core enzyme of the RAS [2]. Consequently, ACE inhibitors have emerged as
the primary pharmacological agents for hypertension treatment. Extracting more efficient
and safer ACE inhibitors from natural food ingredients has promising prospects for the
treatment of hypertension.

A growing line of the literature is based on research of the health benefits of probiotics
and their fermented dairy products, such as maintaining an intestinal microecological
balance, improving the intestinal barrier function, regulating the immune response, and
lowering blood pressure [3–5]. As reported, a daily intake of some probiotic products of
more than 109 CFU would significantly reduce blood pressure [6]. A number of mechanisms
of oxidative stress and gut microbiota can induce blood pressure regulation [7,8]. The gut
microbiome is made up of several types of bacteria, fungi, archaea, viruses, and protozoa,
and they are critical for maintaining host physiological homeostasis [9]. In recent years,
mounds of data have shown that the gut microbiota has a major impact on host blood
pressure and plays a key role in hypertension development [10]. In SHRs, microbial
richness, diversity, and evenness were drastically decreased compared with normal rats [11].
Short-chain fatty acids (SCFAs), produced by gut bacteria during fermentation, have been
proposed as modulators of the gut microbiota–host interaction [12]. Pluznick [13] showed
in numerous experiments that new SCFA receptors are involved in blood pressure control,
supporting the hypothesis that SCFAs are key mediators of the microbiota and host blood
pressure regulation. These studies show that the gut microbiota could offer benefits for
patients with hypertension. Notably, some lactic acid bacteria can hydrolyze the proteins
in dairy products to produce short peptides with blood pressure-lowering effects [14].
For example, the short peptides Ile–Pro–Pro and Val–Pro–Pro have the same effect as
antihypertensive drugs in the treatment of hypertension and play a role in lowering blood
pressure by inhibiting the activities of ACEs [15]. Plant-derived beverages have many
nutritional benefits and can provide essential nutrients, including vitamins, minerals,
healthy fats, and fiber [16]. In addition, ACE inhibitors can also be derived from the
fermentation or enzymatic breakdown of soybeans, peas, pigeon peas, chickpeas, or adzuki
beans [17]. For example, the fermented mixed milk of skim milk and soy milk by lactic acid
bacteria has shown improved immunomodulatory properties and the potential to prevent
gastric mucosal damage [18]. Therefore, we used a combined starter culture to ferment the
mixed milk of skim milk and soybean milk.

In our previous study, L. plantarum Y44, L. plantarum Y12, and L. plantarum Y16
exhibited high extracellular protease activities [19,20], which may lead to the release of
specific bioactive peptides during milk fermentation. The intention of this study was to
analyze the difference in the antihypertensive effect of fermented milk consisting of skim
milk and soy milk using the commercial starter combined with L. plantarum strains Y44,
Y12, and Y16, respectively, on spontaneously hypertensive rats (SHRs). Therefore, this
study would obtain fermented milk products with a great flavor and the adjuvant effect of
reducing blood pressure.

2. Materials and Methods

2.1. Materials

De Man, Rogosa, and Sharpe (MRS) broth medium was obtained from Baisi Biotech-
nology Co., Ltd. (Hangzhou, China). Skim milk powder was obtained from San Yuan
Foods Co., Ltd. (Beijing, China). Soybeans were obtained from Ruinonghe Trading Co., Ltd.
(Harbin, China). Captopril, N-benzoyl-Gly-His-Leu (HHL) and ACEs were obtained from
Sigma-Aldrich Co., Ltd. (Saint Louis, MO, USA).
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2.2. Preparation of Combined Starter Culture

L. plantarum Y44, L. plantarum Y12, and L. plantarum Y16 were isolated from wild turbot
intestines in Dalian and stored in the Dalian Probiotics Function Research Key Laboratory with
glycerin protectant at −80 ◦C. The commercial yogurt starter culture, consisting of Streptococcus
thermophilus CICC 6038 and Lactobacillus delbrueckii subsp. bulgaricus CICC 6047, were obtained
from the China Center of Industrial Culture Collection. The strains were subcultured three
times in MRS culture medium at 37 ◦C for 18 h, washed with 0.85% normal saline three times,
and resuspended in sterilized saline, respectively. The living cell concentrations of Y12, Y16,
and Y44 strains were nearly 3 × 108 CFU/mL, obtained using the plate counting method [21].
Y12, Y16, and Y44 were mixed with 6047 and 6038 bacterial suspensions at a ratio of 1:1:1
(volume ratio), respectively. The mixed bacterial suspensions were used as combined starter
cultures, namely, 6047 + 6038 + Y12, 6047 + 6038 + Y16, and 6047 + 6038 + Y44.

2.3. Fermentation of the Mixture of Soybean Milk and Skim Milk

Soybeans were washed with ultrapure water 2–3 times to remove dust and then
soaked in ultrapure water overnight. Eight times the weight of water was added to the
soaked soybeans and put into the soybean milk machine for grinding for 10 min to obtain
soybean milk. After that, the soybean milk was filtered with a double-filter cloth, and
the residue was removed before cooling. The skim milk was prepared according to our
previous study [22]. The mixed milk was made by mixing skim milk and soybean milk in
a ratio of 8:2 (v/v), which was then continuously homogenized and pasteurized (95 ◦C,
5 min). The combined starter culture was inoculated into the pasteurized mixed milk at
a ratio of 4% (v/v). The inoculated mixed milk was cultured in a constant temperature
incubator at 42 ◦C until curding; the curdling time was about 5 h.

2.4. Determination of Fermented Mixed Milk Characteristics
2.4.1. Titratable Acidity

The determination of titratable acidity [TA(◦T)] of the fermented mixed milk samples
was carried out according to the National Standards of the People’s Republic of China
(GB5009.239-2016) [23].

2.4.2. Viable Counts

The viable counts of lactic acid bacteria in the fermented mixed milk at the end
of fermentation were determined using the pour plate method on MRS agar under an
anaerobic incubation at 37 ◦C for 72 h, recorded as CFU/mL [21].

2.4.3. Free Amino Acids

Free amino acids in the fermented milk at the end of fermentation were quantified
using the o-phthalaldehyde (OPA) method, which was similar to our previous studies [21,24].

2.4.4. Sensory Evaluation

At the end of fermentation, the sensory quality of the fermented mixed milk was
evaluated according to the requirements specified in the National Standard of the People’s
Republic of China (GB 19302-2010) [25]. Ten volunteers were informed consent and partici-
pated in the sensory evaluation of the fermented mixed milk. The volunteers ranged in
age from 20 to 45, with five women and five men. Their daily diet include consumption
yogurt 4-6 times per week. Before sensory evaluation, all fermented mixed milk samples
were transferred from refrigeration at 4 ◦C. About 30 g of each fermented milk sample
was placed in a 50 mL unscented transparent plastic cup, coded with a 3-digit random
number, and equilibrated at room temperature for 30 minutes. During sensory evaluation,
prepare palate-cleaning water at intervals between samples to prevent cross-over effects
between samples. The criteria for the sensory evaluation of fermented milk are shown in
Table A1. This experiment did not require Ethics Committee approval, because there were
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no risks associated for panelists who tasted samples, and this experiment met the national
standards of the People’s Republic of China (GB 19302-2010) [25].

2.4.5. Determination of Angiotensin-Converting-Enzyme Inhibitory (ACE I) Activity

The ACE inhibitory activity of the fermented milk samples at the end of fermentation
were determined according to the method of Wu et al., with some modifications [26]. The
principle is that ACE catalyzes the decomposition of the analogue of angiotensin I, hippuryl
histaminoylleucine (HHL), producing hippuric acid under the conditions of 37 ◦C and pH
8.3, which showed a characteristic absorption peak at 228 nm. When ACEI was added, the
catalytic decomposition of HHL by ACE was inhibited, and the production of hippuric acid
was reduced. The analysis employed HPLC, with a Zorbax C18 column (4.6 × 250 mm,
particle size 5 μm; Agilent Technologies, Santa Clara, CA, USA) at a column temperature of
30 ◦C and a 1 mL/min flow rate. The detection wavelength was set at 228 nm. The mobile
phase consisted of acetonitrile (A) and 0.5% TFA (B) with the following elution conditions:
0–11 min, A: 20%, B: 80%; 11–12 min, A: 35%, B: 65%; 12–15 min, A: 35%, B: 65%; 16–17 min,
A: 20%, B: 80%; and 18–30 min, A: 20%, B: 80%.

2.4.6. Peptide Sequence Analysis

The free peptides of the fermented milk samples were determined using the method
described by Mao et al. [27]. BIOPEP-UWM (https://biochemia.uwm.edu.pl/biopep-uwm,
accessed on 15 April 2023) was used to screen out identified ACEIPs while combining
features of ACEIP sequences to find potential ACEIPs.

2.5. Assay to Determine the Effects of the Fermented Milk Oral Administration on the
Spontaneously Hypertensive Rats (SHRs)

Ten-week-old female SHR rats (n = 30) and Wistar Kyoto (WKY) rats (n = 6) were
purchased from Vital River Experimental Technology Co., Ltd. (SCXK 2021-0006, Beijing,
China). All animal experiments were approved by the Animal Ethics Committee of Dalian
Polytechnic University (SYXK2017-0005). The rats were raised according to the method
previously described in our lab [20]. After the adaptation period (7 d), thirty SHR rats were
randomly divided into five groups (n = 6). After the rats were stable, they were orally
administered milk at a fixed time once a day for 4 weeks. The methods of gavage are
detailed in Table 1. The systolic blood pressure (SBP) and diastolic blood pressure (DBP)
were monitored using the tail sleeve method (BP-2010A, Softron Beijing Biotechnology Co.,
Ltd. Beijing, China).

Table 1. Group information and administration of animal experiments.

Animals Groups Feeding

SHR Positive control group (GY) Captopril
SHR Negative control group (KB) Pasteurized milk
WKY Blank group (WKY) Pasteurized milk
SHR Y12 group (Y12) 6038 + 6047 + Y12 fermented milk
SHR Y44 group (Y44) 6038 + 6047 + Y44 fermented milk
SHR Y16 group (Y16) 6038 + 6047 + Y16 fermented milk

The gavage dose was consistent among the groups, with a dosage of 10 mg/kg/d.
GY: Gavage feeding of captopril to SHRs; KB: gavage feeding of pasteurized milk to SHRs; WKY: gavage feeding
of pasteurized milk to WKYs; Y12: gavage feeding of the fermented milk produced using the combined starter
culture mixed with L. plantarum Y12 to SHRs; Y44: gavage feeding of the fermented milk produced using the
combined starter culture mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented milk
produced using the combined starter culture mixed with L. plantarum Y16 to SHRs.

2.5.1. Histological Analyses and Organ Index

After 4 weeks of gavage, all rats were weighed and euthanized. Blood samples were
collected, and the serum was separated by centrifugation at 4000× g at 4 ◦C for 10 min,
and frozen at −80 ◦C for further analysis. The kidney, heart, and liver were isolated
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and weighed; we soaked and fixed the entire heart in 4% paraformaldehyde fixative for
the subsequent sectioning and pathological staining analysis [28]. The ImageJ2×(2.1.4.7,
Rawak Software Inc.; Stuttgart, Germany) was used to analyze images. The organ index
was calculated as follows: organ index = organ weight (g)/rat weight (g).

2.5.2. Determination of Biochemical Indexes in Rat Serum

The levels of alanine transaminase (ALT), aspartate transaminase (AST), total cholesterol
(TC), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein
cholesterol (LDL-C), superoxide dismutase (SOD), glutathione (GSH), catalase (CAT), nitric
oxide (NO), and malondialdehyde (MDA) in the sera of rats from each group were determined
following the instructions provided with the kits (Nanjing Jiancheng Bioengineering Institute,
China). Angiotensin-converting-enzyme (ACE), angiotensin-converting-enzyme 2 (ACE 2),
angiotensin 1-7 (Ang 1–7), and angiotensin II (Ang II) levels were measured according to the
ELISA kit instructions (Jingmei Biotech Co., Ltd., Shenzhen, China).

2.5.3. RT-PCR Analysis

We took 10 mg of kidney tissue samples from rats in each group. We crushed the samples
by adding nine times the volume of 0.85% normal saline, and then centrifuged them to obtain
the supernatant. The total RNA was transcribed into cDNA using the PrimeScript™ RT
Master Mix kits. The mRNA expressions of ACE, ACE 2, MAS, and β-actin (with the β-actin
gene serving as an endogenous control for the assay) were quantified using a StepOne Plus
real-time PCR system (Applied Biosystems, Waltham, MA, USA) following the instructions
provided with the ChamQ SYBR qPCR Master Mix kit [29]. The RT-reaction was as follows:
the first stage was 30 s at 95 ◦C, the second stage was 40 cycles of 10 s at 95 ◦C and 30 s at
60 ◦C, and the third stage was 15 s at 95 ◦C, 60 s at 60 ◦C and 15 s at 90 ◦C.

2.5.4. Fecal SCFA Analysis

We used a previously published method to prepare the fecal sample (50 mg) from the
tested animals and analyzed the SCFA levels using a gas chromatography–mass spectrome-
try system [30].

2.5.5. Rat Fecal Microbiota

All rat feces samples were forwarded to Maiwei Technology Co., Ltd. (Wuhan, China)
to extract the total DNA from rat feces. The extracted DNA was analyzed using 1% agarose
gel electrophoresis to ensure the appropriate amount was presented in the centrifuge tubes,
and the DNA was diluted with sterile water to a concentration of 1 ng/μL. PCR was per-
formed using the Phusion® High-Fidelity PCR Master Mix with GC buffer (New England
Biolabs, MA, USA), and primer targeting was in the 16S V4 region (515F GTGCCAGCMGC-
CGCGGTAA and 806R GGACTACHVGGGTWTCTAAT). The PCR products were analyzed
using 2% agarose gel electrophoresis. The TruSeq® DNA PCR-Free Sample Preparation
Kit was employed to construct the library. Then, the library was quantified using Qubit
and qPCR methods, followed by sequencing on the NovaSeq6000 platform. The results
from each sample were processed and filtered using FLASH (V1.2.7) based on the barcode
and PCR amplification primer sequences. For clustering, and the effective grouping of
tags, the Uparse algorithm (Uparse v7.0.1001) was utilized with a default 97% identity
threshold to group sequences into OTUs (pperational taxonomic units). The OTU sequences
were annotated using the Mothur method and searching the SILVA132 SSUrRNA database
(http://www.arb-silva.de/). The diversity and richness, Chao1, and Shannon calculations
of samples were performed using Qiime software (Version 1.9.1).

2.6. Statistical Analysis

The data were expressed with the “mean ± standard deviation” of n replicates of
samples. SPSS version 20.0 (SPSS, Inc., Chicago, IL, USA) software was used for mean
comparisons to determine significant differences (p < 0.05) among the groups. The results
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were obtained using a one-way ANOVA. The LSD test and Dunnett’s T3 were used to
analyze the significant differences when equal variances were assumed and when they
were not assumed, respectively.

3. Results

3.1. Physicochemical Properties of the Fermented Mixed Milk from Combined Starter Cultures

As shown in Table 2, the mixed milk fermented with starter cultures combined with
different L. plantarum strains exhibited different physicochemical properties. Compared
with the fermented milk only produced using a commercial starter culture, the combination
of the commercial starter culture with L. plantarum strains endowed the fermented mixed
milk with different properties, particularly in terms of the ACE inhibitory activity and free
amino acid contents. The ACE inhibitory activity of the fermented milk was significantly
increased (p < 0.05) from the commercial starter mixed with L. plantarum, and the ACE
inhibitory activity of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y44 was 55.36 ± 0.69%, significantly higher than that of the
commercial starter culture fermented milk (25.98 ± 1.19%). The viable lactic acid bacteria
count of fermented milk remains above 109 CFU/mL and meets the national yogurt
standard (GB19302-2010) [25]. Compared with the commercial starter culture fermented
milk, the viable lactic acid bacteria count in the combined starter culture fermented milk was
significantly higher, which may lead to the higher free amino acids, ACE inhibition activity,
and TA of the fermented milk. Compared with commercial starter culture fermented milk,
the combined starter culture fermented milk showed a better taste, flavor, ratio of sour to
sweet, and sensory score. These results indicated that L. plantarum could improve the flavor
of the fermented milk.

Table 2. Chemical characteristics of the fermented mixed milk with compound starter at 4 ◦C.

Chemical Characteristics

Type of Fermented Milk
6038 + 6047 6038 + 6047 + Y12 6038 + 6047 + Y44 6038 + 6047 + Y16

TA (◦T) 90.09 ± 3.09 b 98.96 ± 2.27 a 97.75 ± 5.91 a 95.80 ± 1.77 a

Viable count (CFU mL−1) 3.88 ± 0.52 × 109 b 4.35 ±0.47 × 109 a 4.59 ± 0.54 × 109 a 4.54 ± 0.36 × 109 a

Free amino acids (mg/mL) 0.303 ± 0.097 c 0.390 ± 1.06 b 0.417 ± 0.93 b 0.493 ± 0.94 a

Sensory score (points) 85.25 ± 3.39 c 91.25 ± 4.11 a 88.67 ± 3.17 b 92.65 ± 2.47 a

ACE I activity (%) 25.98 ± 1.19 c 46.80 ± 2.10 ab 53.56 ± 0.69 a 42.98 ± 1.19 b

Data represent the mean ± SD (a–c); mean values with different letters are significantly different (p < 0.05) according
to the Duncan multiple range test.

3.2. Analysis of Differential Peptides of the Fermented Mixed Milk from Combined Starter Cultures

The Venn diagram of the detected peptide in the fermented milk is shown in
Figure 1. A total of 2561, 2384, 2404, and 2371 peptide segments were identified in samples
6038 + 6047, Y12, Y44, and Y16, respectively. Among them, 861 peptide segments were
detected in all four samples, while 599, 636, 1034, and 731 peptide segments were only
detected in the corresponding samples 6038 + 6047, Y12, Y44, and Y16, respectively. Among
the fermented milk samples, the fermented milk from the combined starter culture with
L. plantarum Y44 not only identified the most peptide segments, but also had the highest
number of unique peptides. Out of the 2404 peptide segments, 1034 were not identified in
the three other fermented milk samples, and their numbers were significantly higher than
those of the three other fermented milk samples. The specific numbers of differentially
expressed peptides are shown in Table 3. Whether the expression was upregulated or
downregulated, there were significant differences in the numbers of peptides produced
in the fermented milk using the commercial starter mixed with L. plantarum Y12 and L.
plantarum Y44, compared with the commercial fermented milk. The numbers of com-
mon peptides in each of the two fermented milks were different, and the existence of
these differential peptides indicated that the milk proteins in different fermented milks
were decomposed by bacteria at different sites. As shown in Table 4, known ACEI pep-
tides were screened, including AMKPWIQPK, GPVRGPFPII, LNVPGEIVE, NIPPLTQTPV,
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and YQEPVL, according to the BIOPEP database. We found that more types and con-
tents of peptides were extracted from the fermented milk produced using the combined
starter culture mixed with L. plantarum Y44, such as GPVRGPFPII (relative content of
68.8615), AMKPWIQPK (relative content of 57.9351), and NIPPLTQTPV (relative content
of 76.8847). So, we inferred that the increase in the ACE inhibitory activity of the fer-
mented milk containing L. plantarum 44 might be related to the type and content of ACE
inhibitory peptides.

Figure 1. Venn diagram of differential peptides between different fermented milk groups.

Table 3. Peptide differential analysis between different fermented mixed milks.

Comparisons All Up Down

Y vs. Y12 750 331 419
Y vs. Y44 982 374 608
Y vs. Y16 96 37 59

Y12 vs. Y44 887 511 376
Y12 vs. Y16 673 346 337
Y44 vs. Y16 886 371 443

Note: Y: 6038 + 6047; Y12: 6038 + 6047 + Y12; Y44: 6038 + 6047 + Y44; Y16: 6038 + 6047 + Y16.

Table 4. Peptides predicted to have ACE inhibitory ability.

Polypeptide Sequence Mass Length m/z
Relative Content

Y Y12 Y44 Y16

DAYPSGAW 1141.5079 8 571.7617 0.0429 0 0 0
EMPFPK 1007.4786 6 504.745 0.2865 0.1977 0 0

FVAPFPEVFG 1108.5593 10 555.2863 0.3365 0.4932 0.1881 0.6551
HLPLP 575.3431 5 288.6788 0.3818 0.2455 0 0

AMKPWIQPK 1097.6056 9 549.8098 9.1141 56.9335 57.9351 18.3578
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Table 4. Cont.

Polypeptide Sequence Mass Length m/z
Relative Content

Y Y12 Y44 Y16

DKIHPF 755.3966 6 378.7053 1 4.1244 2.9753 4.7795
EIVPNSAEERLH 1392.6997 12 465.2398 0 0 0.0714 0

FALPQY 737.3748 6 369.6942 2.4255 0 0 0.4849
FALPQYLK 978.5538 8 490.2833 0 0 0 0.1396
FPEVFGK 822.4276 7 412.2204 0.0138 0.0573 0 0

FVAPFPEVFG 1108.5593 10 555.2863 0.3365 0.3817 0.1881 0.6551
GPVRGPFPII 1051.6178 10 526.8159 1.9852 18.2349 68.8615 3.4358
IPPLTQTPV 964.5593 9 483.287 0 1.0812 6.5293 0
KAAAAP 726.4388 6 364.2252 0 0 0.0717 0
KYIPIQ 760.4483 6 381.2311 0 0.4559 0.8266 0

LDAQSAPLR 969.5243 9 485.77 0.7855 0 0 0.2509
LGPVRGPFP 938.5338 9 470.2735 0.4908 0.7913 0 0.2365

LHLPLPL 801.5112 7 401.7628 9.2085 1.8828 3.6409 1.8227
LNVPGEIVE 968.5178 9 485.2659 0.0144 0.6265 16.0615 0.8688

LTQTPVVVPPF 1196.6804 11 599.3472 6.9091 0 0 1.2390
LVYPFPGPIH 1138.6174 10 570.316 0 2.2781 0 0.1767

LVYPFPGPIPNSLPQN 1751.9246 16 876.968 0 0.0204 0.0696 0.1572
LVYPFPGPIPNSLPQNIPP 2059.1143 19 1030.5667 0.7600 0 0 0.6918

MKPWIQPK 1026.5685 8 514.2914 1.2883 8.5013 2.3931 1.8913
NIPPLTQTPV 1078.6023 10 540.308 5.0910 56.5832 76.8847 15.6471

NLHLPLP 802.4701 7 402.2415 0 4.5065 1.0877 0
PFPEVFGK 919.4803 8 460.7472 7.9391 6.6073 1.0813 13.6954

QEPVLGPVRGPFP 1391.7561 13 696.8857 37.6619 95.2655 1.9809 80.9390
TTMPLW 747.3625 6 374.6879 0 0.6130 0.1559 0
VPSERYL 862.4548 7 432.2333 0.0000 0.0983 0.5551 0.2403
VRGPFP 671.3755 6 336.6948 1.6800 0 0 0

VRGPFPIIV 996.612 9 499.313 1.7564 2.6911 0.6419 1.0535
VVVPPF 656.3897 6 329.2016 0.2691 0 0.2359 0
YAKPA 548.2958 5 275.1553 0 0 1 0
YIPIQY 795.4167 6 398.715 0 0.3886 0.5081 0

YPQRDMPIQ 1146.5492 9 574.2802 0 0 1 0
YQEPVL 747.3802 6 374.6969 0.2386 6.2676 5.2048 0.6514

Note: Y: 6038 + 6047; Y12: 6038 + 6047 + Y12; Y44: 6038 + 6047 + Y44; Y16: 6038 + 6047 + Y16; the content of the
polypeptide is normalized to the median; that is, each column of data is divided by the median of the column
of data.

3.3. Effects of Fermented Milk Oral Administration on Blood Pressures of SHRs and WKY Rats

The fermented milk showed a high ACE inhibitory activity in vitro and the presence
of some peptides that could regulate blood pressure. Therefore, we investigated the
antihypertensive effects of the fermented milk in the SHRs and WKY rats by monitoring
the blood pressure changes after 4 weeks of oral administration of the fermented milk. As
shown in Figure 2A,B, the SBP and DBP of the KB group continuously increased. Before
the end of the experiment, compared with the KB group, the SBP and DBP of SHRs in the
treated GY, Y44, Y12, and Y16 groups were significantly reduced (p < 0.05). All fermented
milk by the combined starter containing L. plantarum alleviated elevated blood pressure,
with no significant difference among the three groups. The blood pressure of the SHRs
in the Y44 group showed decreased values, with an SBP and DBP of 23.67 ± 2.49 mmHg
(p < 0.05) and 15.22 ± 2.62 mmHg (p < 0.05), respectively. Therefore, the long-term oral
administration of the fermented milk produced using the combined starter culture with L.
plantarum Y44 showed significant antihypertensive effects in vivo.

3.4. Effect of Fermented Milk Oral Administration on Renal RAS in SHRs and WKY Rats

As shown in Figure 3, compared with the WKY group, the contents of ACE and
Ang II in the sera of the SHRs in the KB group were significantly increased (p < 0.001,
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p < 0.001), while the contents of ACE 2 and Ang 1-7 were significantly decreased (p < 0.05,
p < 0.01), which was in agreement with the results reported by Sun et al., who found that
hypertension can affect the contents of substances related to ACE regulation in the rat
sera [30]. After the long-term oral administration of the fermented milk, the contents of
ACE, Ang 1-7, ACE2, and Ang II in the sera of the SHRs in the Y44 group were significantly
different from those in the KB group (p < 0.05, p < 0.05, p < 0.05, and p < 0.01, respectively),
while the contents of ACE, Ang 1-7, ACE 2, and Ang II in the sera of the SHRs in the GY
group were significantly different from those in the KB group (p < 0.01, p < 0.05, p < 0.001,
and p < 0.01, respectively). The results suggest that the fermented milk produced using the
combined starter culture mixed with L. plantarum Y44 could rebalance RAS signaling to
regulate the blood pressure by downregulating the ACE-AngII-AT1 axis and upregulating
the ACE 2-Ang (1-7)-Mas axis. However, the fermented milk produced using the combined
starter culture mixed with L. plantarum Y44 showed a lesser effectiveness than captopril in
the overall regulation of the RAS.

Figure 2. Effects of fermented milk oral administration on systolic blood pressure (SBP) (A) and
diastolic blood pressure (DBP) (B) in spontaneously hypertensive rats (SHRs). Data represent the
mean ± SD (n = 6, a–d); mean values with different letters over the bars are significantly different
(p < 0.05) according to Duncan’s multiple range test. (GY: gavage feeding of captopril to SHRs; KB:
gavage feeding of pasteurized milk to SHRs; WKY: gavage feeding of pasteurized milk to WKYs;
Y12: gavage feeding of the fermented milk produced using the combined starter culture mixed with
L. plantarum Y12 to SHRs; Y44: gavage feeding of the fermented milk produced using the combined
starter culture mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented milk
produced using the combined starter culture mixed with L. plantarum Y16 to SHRs).

3.5. Effects of Fermented Milk Oral Administration on Blood Lipid Indexes and Oxidation Indexes
in the Sera of SHRs and WKY Rats

Hypertension could cause an abnormal blood lipid metabolism. As shown in Figure 4,
compared with the WKY group, the contents of TG, TC, and LDL-C in the sera of the
SHRs rats in the KB group were significantly increased, while the HDL-C content was
significantly decreased (p < 0.01), which was in agreement with the results reported by
Kazemi et al. [31], who found that hypertension could cause an abnormal blood lipid
metabolism. Compared to the KB group, the Y44 and GY groups showed varying degrees
of decrease in the TG, TC, and LDL-C contents (p < 0.01), but they were still higher than
those in the WKY group (p < 0.05).
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Figure 3. Effects of fermented milk oral administration on ACE (A), ACE 2 (B), Ang1-7 (C), and Ang
II (D) in spontaneously hypertensive rats (SHRs). Data represent the mean ± SD (n = 6, a–d); mean
values with different letters over the bars are significantly different (p < 0.05) according to Duncan’s
multiple range test. (GY: gavage feeding of captopril to SHRs; KB: gavage feeding of pasteurized milk
to SHRs; WKY: gavage feeding of pasteurized milk to WKYs; Y12: gavage feeding of the fermented
milk produced using the combined starter culture mixed with L. plantarum Y12 to SHRs; Y44: gavage
feeding of the fermented milk produced using the combined starter culture mixed with L. plantarum
Y44 to SHRs; Y16: gavage feeding of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y16 to SHRs).

Oxidative stress is considered a cause, consequence, or enhancing factor in the devel-
opment of hypertension [32]. As shown in Figure 5, compared with the WKY group, the
KB group showed significant decreases in the sera of the SHRs in terms of the antioxidant
indicators (SOD, GSH, NO, and CAT, p < 0.05), and the content of MDA was significantly
increased (p < 0.05). After the oral administration of the fermented milk, the MDA content
was significantly decreased in the sera of the SHRs (p < 0.05), while the CAT activity, GSH
activity, NO content, and SOD activity were significantly increased (p < 0.05). Among them,
the oral administration of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y44 significantly decreased the content of MDA, increased the SOD
activity and NO content, and relieved oxidative stress. The long-term administration of the
fermented milk produced using the combined starter culture mixed with L. plantarum Y44
significantly relieved the increased blood pressure, oxidative stress, and hyperlipidemia in
the SHRs.
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Figure 4. Effects of fermented milk oral administration on serum TG (A), TC (B), HDL-C (C), and
LDL-C (D) in spontaneously hypertensive rats (SHRs). Data represent the mean ± SD (n = 6, a–d);
mean values with different letters over the bars are significantly different (p < 0.05) according to
Duncan’s multiple range test. (GY: gavage feeding of captopril to SHRs; KB: gavage feeding of
pasteurized milk to SHRs; WKY: gavage feeding of pasteurized milk to WKYs; Y12: gavage feeding
of the fermented milk produced using the combined starter culture mixed with L. plantarum Y12
to SHRs; Y44: gavage feeding of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented milk produced using the
combined starter culture mixed with L. plantarum Y16 to SHRs).

3.6. Ameliorating Effects of Fermented Milk Oral Administration on the Liver, Heart, and Kidney
Injury of SHRs and WKY Rats

It is well known that an aminotransferase composed of ALT and AST is the main
marker of liver injury [33]. As shown in Figure 6, compared with the WKY group, the
contents of AST and ALT in the sera of the SHRs in the GY group exhibited a significant
increase (p < 0.05), which may be related to the hepatotoxicity of captopril [34]. There was
no significant difference in the contents of ATL and AST in the sera of SHRs in the Y44
group, which underwent oral administration of the fermented milk. The results indicate
that captopril caused hepatotoxicity; meanwhile, the fermented milk produced by the
combined starter culture mixed with L. plantarum Y44 was safer.

As shown in Figure 7, compared with the WKY group, the relative weights of the
kidneys, livers, and hearts of the SHRs in the KB group were significantly increased
(p < 0.01). After the gavage treatment, the relative weights of the livers and hearts of the
SHRs in the Y44 group significantly decreased (p < 0.05), and there was no significant
difference among the other groups. This displayed that the fermented milk produced using
the combined starter culture mixed with L. plantarum Y44 could reduce the organ damage
caused by hypertension.
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Figure 5. Effects of compound fermented milk on serum antioxidant enzymes in spontaneously
hypertensive rats (SHRs), and the effects of MDA (A), CAT (B), GSH (C), NO (D), and SOD (E). Data
represent the mean ± SD (n = 6, a–d); mean values with different letters over the bars are significantly
different (p < 0.05) according to Duncan’s multiple range test. (GY: gavage feeding of captopril to
SHRs; KB: gavage feeding of pasteurized milk to SHRs; WKY: gavage feeding of pasteurized milk
to WKYs; Y12: gavage feeding of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y12 to SHRs; Y44: gavage feeding of the fermented milk produced using the
combined starter culture mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented
milk produced using the combined starter culture mixed with L. plantarum Y16 to SHRs).

Figure 6. Effects of compound fermented milk on liver damage markers ALT (A) and AST (B) in
sera of spontaneously hypertensive rats (SHRs). Data represent the mean ± SD (n = 6, a–c); mean
values with different letters over the bars are significantly different (p < 0.05) according to Duncan’s
multiple range test. (GY: gavage feeding of captopril to SHRs; KB: gavage feeding of pasteurized milk
to SHRs; WKY: gavage feeding of pasteurized milk to WKYs; Y12: gavage feeding of the fermented
milk produced using the combined starter culture mixed with L. plantarum Y12 to SHRs; Y44: gavage
feeding of the fermented milk produced using the combined starter culture mixed with L. plantarum
Y44 to SHRs; Y16: gavage feeding of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y16 to SHRs).
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Figure 7. Effects of fermented milk administration on heart index (A), kidney index (B) and liver
index (C) in spontaneously hypertensive rats (SHRs). Data represent the mean ± SD (n = 6, a–c);
mean values with different letters over the bars are significantly different (p < 0.05) according to
Duncan’s multiple range test. (GY: gavage feeding of captopril to SHRs; KB: gavage feeding of
pasteurized milk to SHRs; WKY: gavage feeding of pasteurized milk to WKYs; Y12: gavage feeding
of the fermented milk produced using the combined starter culture mixed with L. plantarum Y12
to SHRs; Y44: gavage feeding of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented milk produced using the
combined starter culture mixed with L. plantarum Y16 to SHRs).

As shown in Figure 8, it was observed that hypertension led to an upregulation in the
ACE gene expression in the KB group (p < 0.001), while ACE 2 and Mas gene expressions
were inhibited (p < 0.001). However, with the oral administration of the fermented milk
produced using the combined starter culture mixed with L. plantarum Y44, the expression
of ACE 2 and Mas genes was upregulated (p < 0.01). In addition, compared with the
Y12 and Y16 groups, the gene expression levels of the Y44 group were more significantly
upregulated. These results suggest that the fermented milk produced using the combined
starter culture mixed with L. plantarum Y44 could reverse the imbalance between ACE
and ACE 2 by downregulating the ACE-Ang II-AT1 axis and upregulating the ACE 2-Ang
(1-7)-Mas axis, increasing the expression of Mas and reversing the RAS, thereby regulated
blood pressure.

Figure 8. Effect of compound fermented milk on expressions of ACE mRNA (A), ACE 2 mRNA (B),
and MAS mRNA (C) in the hearts of spontaneously hypertensive rats (SHRs).. Data represent the
mean ± SD (n = 6, a–d); mean values with different letters over the bars are significantly different
(p < 0.05) according to Duncan’s multiple range test. (GY: gavage feeding of captopril to SHRs;
KB: gavage feeding of pasteurized milk to SHRs; WKY: gavage feeding of pasteurized milk to WKYs;
Y12: gavage feeding of the fermented milk produced using the combined starter culture mixed with
L. plantarum Y12 to SHRs; Y44: gavage feeding of the fermented milk produced using the combined
starter culture mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented milk
produced using the combined starter culture mixed with L. plantarum Y16 to SHRs).

Cardiac hypertrophy in rats was primarily characterized by the enlargement of indi-
vidual cardiomyocytes rather than an increase in their number. Staining techniques could
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be used to visually observe the morphological changes in the myocardial tissue, providing
a clear representation of the damage caused by hypertension to the heart. As shown in
Figure 9, the cardiomyocytes in the KB group exhibited signs of swelling and had granular
contents. The cell arrangement appeared disordered, and the perinuclear space decreased
in size due to myofibril extrusions. Some nuclei also displayed signs of nuclear contraction,
and the area of individual cardiomyocytes increased significantly. After the intervention of
the fermented milk combined with L. plantarum strains and captopril, some cardiomyocytes
regained their normal cell shape and organized themselves in a more orderly manner. In
all groups, the Y44 group demonstrated a recovery effect that was closer to the normal
group (WKY). These results suggest that the fermented milk produced using the combined
starter culture mixed with L. plantarum Y44 could effectively repair the myocardial fibrosis
damage caused by hypertension.

Figure 9. Effects of oral fermented milk on rat heart tissue (50× magnification). GY: gavage feeding
of captopril to SHRs; KB: gavage feeding of pasteurized milk to SHRs; WKY: gavage feeding of
pasteurized milk to WKYs; Y12: gavage feeding of the fermented milk produced using the combined
starter culture mixed with L. plantarum Y12 to SHRs; Y44: gavage feeding of the fermented milk
produced using the combined starter culture mixed with L. plantarum Y44 to SHRs; Y16: gavage
feeding of the fermented milk produced using the combined starter culture mixed with L. plantarum
Y16 to SHRs.

3.7. Effect of Fermented Milk Oral Administration on SCFA Concentration in Rats Feces

SCFAs are end metabolites produced from carbohydrate fermentation by gut microbes,
which play an active role in regulating hypertension [35,36]. As shown in Figure 10, it
could be observed that the levels of acetic acid, propionic acid, and butyric acid in the feces
of rats in the KB group were significantly lower compared to the WKY group (p < 0.05).
Compared with the KB group, the contents of acetic acid, propionic acid and butyric acid
in the feces of the SHRs were significantly increased (p < 0.05) after the intervention of
fermented milk and captopril. Among the three groups of fermented milk, the SCFA levels
(acetic acid, propionic acid, and butyric acid) in the feces showed a higher value in the Y44
group than those in the Y12 and Y16 groups. These results suggest that the fermented milk
produced using the combined starter culture mixed with L. plantarum Y44 could restore the
homeostasis of SCFAs.
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Figure 10. Changes of short-chain fatty acid content in the rat feces: (A) acetic acid, (B) butyric acid,
(C) caproic acid, (D) isovaleric acid, (E) isobutyric acid, (F) valerate acid, and (G) propionic acid. Data
represent the mean ± SD (n = 6, a–d); mean values with different letters over the bars are significantly
different (p < 0.05) according to Duncan’s multiple range test. (GY: gavage feeding of captopril to
SHRs; KB: gavage feeding of pasteurized milk to SHRs; WKY: gavage feeding of pasteurized milk to
WKY rats; Y12: gavage feeding of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y12 to SHRs; Y44: gavage feeding of the fermented milk produced using the
combined starter culture mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented
milk produced using the combined starter culture mixed with L. plantarum Y16 to SHRs).

3.8. Effect of Fermented Milk Oral Administration on the Gut Microbiota of Rats

As shown in Figure 11, compared with the KB group, hypertension caused significant
decreases in the Sobs, ACE index, Simpson index, and Shannon index in the KB group,
indicating that hypertension was associated with a reduced intestinal flora diversity. The
levels of the Sobs, Simpson index, and ACE index were significantly increased (p < 0.05) after
the oral administration of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y44. These results indicate that the fermented milk produced
using the combined starter culture mixed with L. plantarum Y44 treatment had a significant
effect on improving the diversity of intestinal flora in hypertensive rats.

As shown in Figure 12A,B, the dominant phyla of intestinal microorganisms were
Firmicutes (F) and Bacteroides (B), accounting for 75–80%. Hypertension significantly in-
creases the relative abundance of Firmicutes in the guts of rats, while significantly reducing
the relative abundance of Bacteroides. Following the fermented milk intervention, the
relative abundance of Bacteroides and Firmicutes of mice in the Y44 and Y16 groups was re-
stored (p < 0.05), and the increase in the F/B ratio caused by hypertension was mitigated. As
shown in Figure 12C, at the family level, compared with the WKY group, the levels of Lac-
tobacillusceae and Lachnospiraceae were significantly decreased in the KB group, as well
as the relative abundance of Murinobacteriaceae, Ruminobacteriaceae, and Pseudomonadaceae.
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The relative abundance of Murinobacteriaceae, Pseudomonadaceae, and Ruminobacteriaceae
was downregulated, and the relative abundance of Lachnospiraceae, Prevotellaceae, and Lacto-
bacillusceae in the SHRs was upregulated, as well as the relative abundance of rats orally
administrated the fermented milk produced using the combined starter culture with L. plan-
tarum Y44. As shown in Figure 12D,E, at the genus level, hypertension led to a decrease in
the proportions of Turicibacter, Lactobacillus, Ruminococcus, Bacteroides, Ligilactobacillus,
and Oscillibacter in the guts of SHRs in the KB group. Compared with the KB group, the
oral administration of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y44 restored the relative abundance of Romboutsia, Alloprevotella,
and Colidextribacter induced by hypertension, and the relative abundance of Turicibacter,
Lactobacillus, Ruminococcus, Bacteroides, Ligilactobacillus, and Oscillibacter improved.

Figure 11. Intestinal flora diversity of rats in different treatment groups: (A) Sobs diversity analysis
of different groups, (B) Simpson index diversity analysis, (C) ACE index analysis, (D) Shannon index
diversity analysis, out Venn diagram outOTU number, (E) Venn diagram of OTU number and (F) PCoA
analysis based on OTU. The data are expressed as the median; * p < 0.05, ** p < 0.01. (GY: gavage feeding of
captopril to SHRs; KB: gavage feeding of pasteurized milk to SHRs; WKY: gavage feeding of pasteurized
milk to WKY rats; Y12: gavage feeding of the fermented milk produced using the combined starter culture
mixed with L. plantarum Y12 to SHRs; Y44: gavage feeding of the fermented milk produced using the
combined starter culture mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented milk
produced using the combined starter culture mixed with L. plantarum Y16 to SHRs).

Figure 12. Cont.
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Figure 12. (A) Bar graph of gate levels for different groups, (B) Firmicutes/Bacteroidetes ratio for
each group, (C) columnar distribution of intestinal flora in rats at the family level, (D) histogram
of community structure distribution of rat intestinal flora at the genus level, and (E) heat map
of the 30 most abundant species of bacteria in rat feces. The data in Figure 12B represent the
mean ± SD (n = 6, a–d); mean values with different letters over the bars are significantly different
(p < 0.05) according to Duncan’s multiple range test. (GY: gavage feeding of captopril to SHRs;
KB: gavage feeding of pasteurized milk to SHRs; WKY: gavage feeding of pasteurized milk to WKY
rats; Y12: gavage feeding of the fermented milk produced using the combined starter culture mixed
with L. plantarum Y12 to SHRs; Y44: gavage feeding of the fermented milk produced using the
combined starter culture mixed with L. plantarum Y44 to SHRs; Y16: gavage feeding of the fermented
milk produced using the combined starter culture mixed with L. plantarum Y16 to SHRs).
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4. Discussion

Hypertension is a common and severe chronic disease that poses a serious threat to
human health and is also the primary cause of the global burden of diseases [1]. ACEI can
effectively treat hypertension in patients with renal hypertension, but the chemical synthesis
of ACEI will bring in many adverse effects, so there is a growing interest in extracting
more effective and safer ACEIs from dietary sources [37]. Probiotic-rich foods are currently
dominating the market, and dairy products are widely regarded as the most effective
carriers of probiotics [38]. Fermented milks have gained increasing recognition among the
public due to their positive health effects [39]. It was reported that fermented milk showed
antihypertensive effects, and the long-term consumption of fermented dairy products may
reduce the risk of hypertension [40]. In this study, we evaluate the antihypertension effect of
a fermented milk produced using the combined starter culture mixed with L. plantarum Y44
in the SHRs. The results indicate that the long-term oral administration of the fermented
milk produced using the combined starter culture mixed with L. plantarum Y44 reduced
the blood pressure, alleviated the hypertension-associated intestinal flora disorder, and
increased the intestinal SCFA contents of the SHRs, which were attributed to the ACE-
inhibitory peptides, such as AMKPWIQPK, GPVRGPFPII, LNVPGEIVE, NIPPLTQTPV,
and YQEPVL, produced in the fermented milk.

In addition, studies had reported that the fermented milk from Lactiplantibacillus
plantarum SR37-3 and SR61-2 showed an antihypertensive activity in the NOS inhibitor L-
NAME-induced hypertensive rats [41]. It was reported that different starter culture strains
have different proteolytic activities and proteolytic systems, and produce ACE-inhibitory
peptides with different activities in fermented milk [42]. In addition, the heterogeneity
between different strains leads to differences in their metabolites, ultimately leading to
different antihypertensive potentials. In this study, the mixed milk fermented using the
three strains of L. plantarum Y44, Y12, and Y16 combined with commercial starter cultures
showed different effects on relieving hypertension in SHRs.

Oxidative stress is the main cause of inflammation and plays a crucial role in the de-
velopment of hypertension and organ damage [43]. Mice lacking mitochondrial superoxide
dismutase exhibit elevated levels of oxidative and inflammatory markers, leading to an
increase in blood pressure [44]. Studies have shown that the main cause of microalbumin-
uria in hypertensive patients is oxidative stress, and excessive ROS can cause glomerular
cell dysfunction and renal vascular endothelial damage [45]. The oral administration of the
fermented milk produced using the combined starter culture mixed with L. plantarum Y44
significantly decreased the MDA content and increased the NO content and SOD activity
in the SHRs, indicating that the intragastric administration of the fermented milk produced
using the combined starter culture mixed with L. plantarum Y44 relieved oxidative stress
in SHRs.

Research has shown that chronic kidney disease is usually caused by persistent hy-
pertension, and the disorder of the RAS has an undeniable impact on the occurrence and
development of hypertension [46,47]. An ACE-AngII-AT1 axis and an ACE2-Ang (1-7)-Mas
axis make up the RAS. The excessive activation of the ACE regulatory axis and inhibition
of the ACE 2 regulatory axis can lead to increased blood pressure and kidney damage [48].
Previous studies have reported that RAS diseases play an undeniable role in the occurrence
and development of hypertension [49]. In this study, the contents of ACE and Ang II in the
sera of SHRs were decreased by the fermented milk administration, and the contents of
ACE 2 and Ang 1-7 in the sera of SHRs were significantly increased. The RAS was regulated
at the gene level by upregulating the expression of ACE 2 and the MAS receptor and down-
regulating the expression of the ACE receptor, thereby controlling blood pressure. Many
physiological effects of Ang (1-7) were mediated by Mas receptors. Xu et al. found that the
overexpression of the ACE 2 gene in the brain of a hypertensive mouse model induced by
a continuous infusion of Ang II could improve the baroreflex sensitivity and parasympa-
thetic nerve activity and slow down the development of neurogenic hypertension [50]. The
results of this study prove that the antihypertensive effect of ACE 2 was mediated by Ang
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(1-7)-Mas. In addition, the transfection of the ACE 2 gene could inhibit Ang II-induced
oxidative stress, which could be reversed by Mas receptor antagonist A779. These results
suggested that ACE-inhibiting peptides produced in the fermented milk containing L.
plantarum Y44, such as AMKPWIQPK, GPVRGPFPII, LNVPGEIVE, NIPPLTQTPV, and
YQEPVL, may be involved in the blood pressure regulation of the ACE 2-Ang (1-7)-Mas
axis, which rebalance RAS signaling to regulate blood pressure by downregulating the
ACE-Ang II-AT1 axis and upregulating the ACE 2-Ang (1-7)-Mas axis. The contents of ALT
and AST could indicate the degree of liver cell damage. The changes in ALT and AST in the
sera of the SHRs indicated that the fermented milk produced using the combined starter
culture mixed with L. plantarum Y44 was safer than captopril.

Studies have shown that hypertension can affect the structure of gut microbiota, reduce
the diversity of the gut microbiota, and reduce the number of beneficial bacteria [51]. The
difference in the intestinal flora composition between hypertensive and normal rats was
mainly due to the increase in the ratio of Firmicutes to Bacteroidetes (F/B) and the decrease
in microbial diversity in the SHRs. In this study, the fermented milk containing L. plantarum
Y44 may regulate the disruption of gut microbiota caused by hypertension at the phylum
level. Previous studies have demonstrated a connection between hypertension and an
intestinal microbiota imbalance and circulating SCFA levels [52]. An increase in the number
of bacteria (Bacteroides, Firmicutes, Lactobacillaceae, Prevotellaceae, Lachnospiraceae, and
Alloprevotella) that produce SCFAs (acetic acid, propionic acid, and butyric acid), might be
one reason why the fermented milk lowers blood pressure [52]. At the same time, SCFAs
could, through the regulation of T cells, promote Ang II to produce an effector response
and improve the function of the immune system to achieve the effect of a lower blood pres-
sure [35]. Lal et al. reported that SCFAs, particularly butyrate, could help regulate blood
pressure by directly activating the vagus nerve’s afferent nerve fibers after being absorbed
into the intestine’s mucosal lamina propria nerve terminals [53]. Moreover, Goswami
et al. showed that SCFAs can significantly activate vagal afferent neurons by increasing
phosphorylation, exhibiting the order of butyrate > propionate > acetate [54]. Additionally,
butyrate can directly act on the central nervous system to regulate blood pressure by cross-
ing the blood–brain barrier through specific transport proteins. In addition, the expression
of butyric acid receptors in the hypothalamus of SHRs was relatively low, leading to a
decrease in reactivity. Therefore, the role of butyrate in blood pressure regulation was
affected. Some studies have found that the propionate SCFAs have a good antihypertensive
effect [36]. Acetate also has a positive effect on regulating hypertension and preventing
atherosclerosis, and malonate can improve cardiac function after myocardial infarction [55].
Similarly, Onyszkiewicz et al. demonstrated that butyrate can enter the bloodstream
through the intestinal vascular barrier and act on GPR41 and GPR43 to relax the mesenteric
arteries, thereby significantly reducing hypertension [56]. Therefore, we speculated that
our fermented milk combined with L. plantarum Y44 can alleviate hypertension-associated
intestinal microbiota dysbiosis by recovering the diversity of the gut microbiota and altering
the key floras, which are SCFA producers, and that SCFA further reduces blood pressure
and improves cardiovascular effects through G protein-coupled receptors.

5. Conclusions

In this study, we used the commercial starter combined with L. plantarum strains to
ferment the mixed milk of cow milk and soy milk. Our results showed that the combined
starter culture containing L. plantarum Y44 can generate ACE-inhibitory peptides in the
fermented milk, such as AMKPWIQPK, GPVRGPFPII, LNVPGEIVE, NIPPLTQTPV, and
YQEPVL, and its characteristics depend on the strain. And the long-term oral administra-
tion of the fermented milk can reduce blood pressure, alleviate the hypertension-associated
intestinal flora disorder by restoring the intestinal flora diversity, and increase the intestinal
SCFA levels in the SHRs. SCFAs can further reduce the blood pressure and improve the
cardiovascular function through G protein-coupled receptors. The results indicate that the
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fermented milk from the combined starter culture containing L. plantarum Y44 can be used
as a functional food with antihypertension effects.
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Appendix A

Table A1. Sensory evaluation standard of compound fermented milk.

Evaluation Index Evaluation Index Score

Sour–sweet ratio
(15)

Moderate sweet and sour 11–15
Slightly sour or slightly sweet 6–10
Bitter, too sour, or too sweet 0–5

Viscosity (15)
Medium viscosity, thick 11–15

Viscosity is viscous or thin 6–10
Viscosity is too sticky or too thin 0–5

Consistency (15)
Good viscosity, fine and silky 11–15
Better viscosity and fineness 6–10

Poor viscosity and no wire drawing 0–5

Taste (20)

No sense of graininess, smoothness and astringency 16–20
The taste of the granules is slightly soft or hard and

slightly powdery 11–15

The texture of the granules is soft or hard and slightly
powdery 6–10

The taste of the granules is too soft or too hard, and the
powder is very astringent 0–5

Flavor (20)

Fermented milk has an obvious flavor, natural fermentation
flavor and smell, and no peculiar smell 16–20

The flavor of the fermented milk is not enough, and the flavor
of natural fermentation is low 11–15

The flavor of the fermented milk is poor, and the flavor of
natural fermentation is poor 6–10

Fermented milk has no characteristic flavor or produces an
unpleasant flavor 0–5

Texture (15)

Uniform color, milky white, good organization, no bubbles,
no whey precipitation 11–15

Light gray or grayish white color, good structure, slight
whey precipitation 6–10

Abnormal color, rough tissue and severe whey precipitation 0–5
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Abstract: This study investigates the use of encapsulating agents for establishing a synbiotic relation-
ship with Bacillus coagulans (TISTR 1447). Various ratios of wall materials, such as skim milk powder,
maltodextrin, and cellulose acetate phthalate (represented as SMC1, SMC3, SMC5, and SMC7), were
examined. In all formulations, 5% inulin was included as a prebiotic. The research assessed their
impact on cell viability and bioactive properties during both the spray-drying process and in vitro
gastrointestinal digestion. The results demonstrate that these encapsulating agents efficiently protect
B. coagulans spores during the spray-drying process, resulting in spore viability exceeding 6 log
CFU/g. Notably, SMC5 and SMC7 displayed the highest spore viability values. Moreover, SMC5
showcased the most notable antioxidant activity, encompassing DPPH, hydroxy radical, and super-
oxide radical scavenging, as well as significant antidiabetic effects via the inhibition of α-amylase
and α-glucosidase. Furthermore, during the simulated gastrointestinal digestion, both SMC5 and
SMC7 exhibited a slight reduction in spore viability over the 6 h simulation. Consequently, SMC5 was
identified as the optimal condition for synbiotic production, offering protection to B. coagulans spores
during microencapsulation and gastrointestinal digestion while maintaining bioactive properties
post-encapsulation. Synbiotic microcapsules containing SMC5 showcased a remarkable positive
impact, suggesting its potential as an advanced food delivery system and a functional ingredient for
various food products.

Keywords: antidiabetic; antioxidative activity; Bacillus coagulans spores; microencapsulation; viability

1. Introduction

Creating functional foods via the enrichment of novel foods with probiotic organisms
or spores is a promising approach. Processed foods with improved health benefits com-
pared to traditional nutritional options can now be produced using the advancements in
current food processing technology [1]. In contemporary society, consumers are growing
increasingly health-conscious, giving greater significance to the nutritional value of their
food choices. Consequently, the successful acceptance of novel foods depends on the
concept of food quality and additional value-added food functionalities, particularly those
related to probiotics [2].
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Probiotics are academically defined as living microorganisms that, when administered
in sufficient quantities, bestow advantageous health effects upon the host organism [3].
Products must contain a minimum of 106 CFU/g of probiotic microorganisms and ensure
the preservation of their viability throughout their designated shelf life to attain probiotic
status and access these benefits [4]. Bacillus coagulans (B. coagulans) find wide application
in food and feed additives due to their effective inhibition of harmful bacterial growth.
Nonetheless, a significant proportion of these microorganisms lose their activity during
the manufacturing, storage, and rigorous processing associated with functional foods,
primarily owing to their susceptibility to stomach acid and elevated temperatures [5].
Altun and Erginkaya [6] provide evidence that B. coagulans can thrive within a pH range
of 5.5–6.2 and release spores at 37 ◦C, leading to its designation as Generally Recognized
as Safe (GRAS). In the small intestine, this bacterium’s spores assume a crucial role in
the digestion of carbohydrates within the human gastrointestinal tract [7]. Probiotics
fulfill a crucial role in maintaining the balance of the gastrointestinal system and energy
levels via the production and regulation of essential metabolites, encompassing enzymes,
vitamins, peptides, essential amino acids, and antioxidants [8–10]. These metabolites are
vital for promoting human well-being. Probiotics offer an array of significant benefits,
including the prevention of conditions such as hypertension [11] and diabetes [12], a
reduction in cholesterol levels [13], displaying anti-carcinogenic properties [14], and the
alleviation of conditions like anxiety, depression [15], and allergies. Furthermore, probiotics
actively modulate the immune system [16] and provide protection against food allergies
and atopic diseases [17], making them an indispensable component of comprehensive
health management. Microencapsulation is a technique that provides physical protection
to bacterial spores and bioactive compounds, effectively shielding them from chemical
degradation and preserving their functionality, especially in the context of the food industry.
For instance, bioactive peptides produced from bacteria such as Phaseolus lunatus can be
safeguarded from the harsh gastrointestinal environment by microencapsulation using
materials like maltodextrin/gum Arabic [18]. This evolving method holds promise for
the preservation of microbial isolates. Furthermore, encapsulation holds the potential to
enable controlled release and optimize delivery to specific target sites, thereby enhancing
the overall efficacy of probiotics. Nonetheless, ensuring the viability of probiotic-containing
products remains a substantial challenge. Probiotics must withstand the rigors of industrial
processing, various storage conditions, and the expedition through the gastrointestinal tract.
Notably, microencapsulation technology has proven effective in safeguarding probiotic cells
and spores, significantly bolstering their viability within food products and throughout
the gastrointestinal tract [19]. Encapsulation serves as a valuable means for separating
probiotics from food matrices. However, its success is contingent upon several critical
factors, including the choice of coating materials, the specific encapsulation technology
applied, storage conditions, capsule quality, and the sensitivity of the probiotic strain. In
essence, encapsulation has the potential to efficiently isolate probiotics from food, but its
actual effectiveness hinges on the considerations outlined above [20].

The extensive application of microencapsulation technology in combination with
thermal protection agents has been underscored in a study by Misra et al. [21]. Among
various methods, spray drying stands out as a preferred choice for probiotics due to
its cost-effectiveness and high-yield efficiency. However, challenges arise, as seen in
the work of Yao et al. [22] where Lactobacillus plantarum (L. plantarum) 550 lost viability
during this process. To enhance cell survival, proteins and polysaccharides are often
added to bacteria to create probiotic microcapsules. Skim milk powder, due to its low
viscosity similar to calcium alginate, is a valuable encapsulating agent. It effectively
enhances the survival of encapsulated materials in the harsh lower gastric environment
compared with free cells [23]. Proteins are commonly employed as wall materials in the
spray-drying process to form protective layers around cells swiftly, safeguarding probiotic
bacteria from thermal stress [24]. Maltodextrin is favored as a carrier in spray-dried
hygroscopic powders, facilitating interactions with liquids and solids, making it a versatile
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choice for incorporating various substances [25]. Additionally, cellulose acetate phthalate
functions as an effective polymer for pH-controlled release, dissolving in mildly acidic or
neutral intestinal conditions while withstanding exposure to highly acidic gastric fluids [26].
Researchers have explored multiple wall matrix systems, including ternary wall matrices,
to enhance probiotics’ viability and physicochemical characteristics [27,28]. Nonetheless,
there is a notable gap in the literature regarding specific combinations of encapsulation
materials, such as skim milk powder, maltodextrin, and cellulose acetate phthalate, for
safeguarding B. coagulans spores during the intricate spray-drying process.

As far as current knowledge extends, there is a notable lack of research on the combi-
nation of a synbiotic formulation involving B. coagulans spores with specific encapsulation
materials like skim milk powder, maltodextrin, and cellulose acetate phthalate while also
incorporating the prebiotic inulin. Therefore, the primary aim of this study is to investigate
how different encapsulation materials affect the viability of probiotic B. coagulans spores.
Furthermore, the research seeks to assess the multifaceted bioactive properties of these
spores, including their antioxidant and antidiabetic activities, which are integral to health
promotion, especially in the context of the spray-drying process. Additionally, this study
explores the resilience of B. coagulans spores during simulated gastrointestinal digestion.

2. Materials and Methods

2.1. Materials

The probiotic culture of B. coagulans (TISTR 1447) was sourced from the Thailand
Institute of Scientific and Technological Research (TISTR) for our research conducted
at Maejo University’s Food Safety and Biotechnology Lab. Gastrointestinal fluids were
simulated using pepsin porcine (P6887) and pancreatin (P7545) from Sigma-Aldrich Co.
in the St. Louis, MI, USA. In this research project, we utilized chemicals of analytical
reagent-grade quality.

2.2. Production of Spore Suspensions

The production followed the methodology outlined by Russell et al. [29] with minor
adjustments. The first step involved initiating sporulation in B. coagulans TISTR 1447 by
cultivating cells in Nutrient Broth at 37 ◦C for 24 h. Subsequently, there was aerobic growth
on Nutrient Yeast Extract Salt Medium (NYSM) agar for 24 h at the same temperature.
In the second step, culturing was carried out in NYSM broth using a single colony from
the agar plate. This culture was shaken at 250 rpm and maintained at 37 ◦C for five
days, resulting in a 90% sporulation rate. Bacterial sediment was successfully obtained
by subjecting the bacterial suspension to centrifugation at 4000× g for 10 min, followed
by a washing step and resuspension in 0.9% Sodium Chloride Sterile Saline, totaling one
hundred microliters. To effectively eliminate vegetative bacterial forms, a heat sterilization
process was employed (80 ◦C for 15 min). Ultimately, the original stock solution underwent
dilution, decreasing its concentration from 1 × 1012 CFU/g to a final concentration of
1 × 1010 CFU/g. This thinned solution was subsequently stored under refrigeration and
prepared for future use, as depicted in Figure 1.
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Figure 1. Diagram illustrating B. coagulans spore production.

2.3. Production of Synbiotic Microcapsules by Spray Drying

The preparation of microencapsulation beads adhered to the methodology delineated
by Arslan-Tontul and Erbas [30], albeit with minor adaptations. In this process, the encap-
sulation of B. coagulans spores within a probiotic culture was executed by dissolving these
spores within a 200 mL aqueous solution. This solution was composed of a mixture of skim
milk powder, maltodextrin, and cellulose acetate phthalate in different ratios, precisely
defined as 1:2:1, 3:2:1, 5:2:1, and 7:2:1. Additionally, it was fortified with 5% (w/v) inulin,
a well-established prebiotic. Subsequently, the entire mixture underwent sterilization via
a heating regimen at 121 ◦C for a duration of 15 min, thereby yielding synbiotic micro-
capsules of distinct formulations, designated as SMC1, SMC3, SMC5, and SMC7. After
the solutions were allowed to cool, B. coagulans spores were introduced into the mixture
in a proportion of 20% v/w relative to the mass of the wall materials. This introduction
maintained an initial cell count of 1 × 1010 CFU/g within the microencapsulation process.
These inoculated solutions underwent microencapsulation using a laboratory-scale spray
dryer, specifically the Buchi-290 from Switzerland. Temperature control was maintained,
with an inlet temperature set at 120 ◦C and an outlet temperature at 50 ◦C. In a two-fluid
nozzle system, compressed air at 0.3 bar is used to aspirate, and the feeding rate of the
solutions is approximately 16.5 mL/min. A cyclone separated the synbiotic microcapsules,
accumulating them in a designated vessel. The collected microcapsules were then pre-
served at −18 ◦C for subsequent analysis (Figure 2). The survival rate (%) in comparison to
the initial count prior to spray drying was computed following the approach outlined by
Gomez-Mascaraque et al. [31].

Survival rate (%) =
N(F)
N(0)

× 100 (1)

The equation value was determined by evaluating the probiotic cell count (log CFU/g
of dry solid material) both prior to and following the spray-drying process. In this context,
N(F) denotes the count of probiotic cells after the spray-drying process, while N(0) signifies
the count of probiotic cells before the spray-drying procedure.
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Figure 2. Diagram depicting synbiotic microcapsules produced via a spray-drying process.

2.4. In Vitro Bioactive Properties of Synbiotic Microcapsules

We conducted an analysis of the spray-dried samples, comprising free cells, unencap-
sulated cells, and encapsulated cells, to assess their bioactive properties.

2.4.1. 1,1-Diphenyl-2-Picrylhydrazyl (DPPH) Free-Radical Scavenging

The evaluation of DPPH free-radical-scavenging activity followed a previously estab-
lished method by Yan et al. [10], with slight modifications to adapt it for the microplate
technique. The spray-dried sample was dissolved in 0.1 M sodium phosphate buffer with
a pH of 7.0, yielding a concentration range of 0–20 mg solid/mL. In the initial step, one
hundred microliters of the sample or buffer (utilized as a positive control) was mixed with
an equal volume of an ethanolic DPPH radical solution at a concentration of 0.2 mM or
absolute ethanol (used as a blank). Following this, in the second step, the mixture was
left to incubate at room temperature in the absence of light for 30 min, after which the
absorbance was measured at 517 nm. The DPPH radical-scavenging activity was calculated
using the following equation:

DPPH radical-scavenging activity (%) = 1 − A sample − A blank
A control

× 100 (2)

2.4.2. Hydroxyl Radical Scavenging (HRSA)

The assessment of HRSA (Hydroxyl Radical-Scavenging Activity) was carried out
according to a previously established protocol by Suwanangul et al. [32], with minor
modifications to adapt the method for microplate analysis. The spray-dried sample was
dissolved in 0.1 M sodium phosphate buffer at pH 7.4, achieving a concentration range
of 0–20 mg solid/mL. In the first step, the reaction mixture was prepared that included a
3 mM solution of 1,10-phenanthroline in water (50 μL), 0.1 M sodium phosphate buffer
at pH 7.4 (50 μL), the samples (50 μL), and 3 mM FeSO4 (50 μL) in a 96-well microplate.
Subsequently, in the second step, a 20 mM hydrogen peroxide solution (50 μL) was added
to initiate the reaction. This was followed by incubation at 37 ◦C for 90 min. Afterward, the
absorbance at 517 nm was measured, and the determination of hydroxyl radical-scavenging
ability was calculated according to the procedure outlined below:

HRSA (%) =
(A samples − A blank)
(A control − A blank)

× 100 (3)
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2.4.3. Superoxide Radical Scavenging

The determination of superoxide radical-scavenging ability (SRSA) followed the
method outlined by Yan, Li, Yue, Wang, Zhao, Evivie, Li, and Huo [10], with slight adapta-
tions to accommodate a 96-well clear flat-bottom plate. Initially, 80 μL of the spray-dried
sample was dissolved in 50 mM Tris–HCl solution at pH 8.2, with a concentration range of
0–20 mg solid/mL. Alternatively, deionized water was used for the control group and was
combined with 80 μL of 50 mM Tris-HCl solution. Following this, the resulting mixture
was incubated at 25 ◦C for 20 min. An amount of 40 μL of 25 mM pyrogallol in 10 mM
HCl was introduced, and the mixture was left to stand at room temperature for 4 min. The
determination of superoxide anion radical-scavenging activity was carried out as described
below:

SRSA (%) = 1 − A samples
A control

× 100 (4)

The results have been presented as EC50 values, which indicate the sample concen-
trations needed to scavenge 50% of DPPH, HRSA, and SRSA. These EC50 values were
determined by utilizing a linear regression curve derived from a range of the spray-dried
sample concentrations from 0 to 20 mg/mL.

2.4.4. In Vitro Activities of α-Glucosidase

The determination of α-glucosidase-inhibitory activity followed a method previously
outlined by Zhang et al. [33], with slight modifications. The spray-dried sample was
dissolved in 50 mM Tris–HCl solution at pH 8.2, with a concentration range of 0–20 mg
solid/mL. Alternatively, it was solubilized in 0.02 M sodium phosphate buffer at pH
6.9, with a concentration range of 0–40 mg solid/mL. In summary, a mixture of 50 μL of
our samples and 50 μL of a 10 mM PNP-glycoside solution (dissolved in 0.1 M sodium
phosphate buffer at pH 6.9) was prepared within a 96-well microplate. Subsequently,
50 μL of 0.2 U/mL α-glucosidase enzyme solution was added to initiate the reaction.
The microplate was then placed in an incubator set at 37 ◦C for 30 min. The release
of p-nitrophenol from PNP-glycoside was quantified by measuring the absorbance at
405 nm using a microplate reader (Thermo Scientific™, Waltham, MA, USA). Acarbose
was evaluated using the same procedure and served as our positive control. The extent of
α-glucosidase-inhibitory activity was determined as follows:

α-glucosidase inhibition (%) =
(A control − A control blank)− (A sample − A sample blank)

(A control − A control blank)
× 100 (5)

2.4.5. In Vitro Activities of α-Amylase

The determination of α-amylase-inhibitory activity was conducted following a method
previously documented by Mudgil et al. [34], with some modifications. In this adapted
approach, p-nitrophenyl α-D maltohexaoside (pNPM; 5 mmol/L) served as the substrate.
The procedure was outlined by preparing a mixture consisting of 50 μL of pNPM, 50 μL
of our samples (which were dissolved in 0.02 M sodium phosphate buffer at pH 6.9 with
a concentration range of 0–40 mg solid/mL), and 50 μL of the PPA enzyme solution
(50 mg/mL) in sodium phosphate buffer (0.02 M, pH 6.9). This mixture was then incubated
for 30 min at 37 ◦C. Subsequently, the release of p-nitrophenol at 405 nm was monitored.
The extent of α-amylase-inhibitory activity was calculated as follows:

α-amylase inhibition (%) = 1 − (A1 − A2)
(A3 − A4)

× 100 (6)

In this equation, A1 signifies the absorbance measured in the reaction wells containing
both the enzyme and the test sample, whereas A2 stands for the absorbance obtained in
the reaction blank containing only the test sample without the enzyme. A3 represents the
absorbance recorded in the control wells with the enzyme but without the test sample, and
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finally, A4 indicates the absorbance measured in the control blank, which lacks both the
enzyme and the test sample.

2.4.6. Dipeptidyl Peptidase IV (DPP-IV) Inhibition

The assessment of DPP-IV-inhibitory activity followed a method described by Sang-
sawad et al. [35], with minor adjustments. The spray-dried sample was dissolved in 50 mM
Tris–HCl solution at pH 8.2, achieving a concentration range of 0–20 mg solid/mL. Alterna-
tively, it was solubilized in 100 mM Tris-HCl buffer at pH 8.0, with a concentration range
of 0–40 mg solid/mL. Specifically, a twenty-five microliter aliquot of the diluted sample
(diluted in 100 mM Tris-HCl buffer at pH 8.0) was mixed with twenty-five microliters of
the prepared 1.6 mM Gly-Pro-p-nitroanilide substrate. The sample–substrate mixture was
pre-incubated for 10 min at 37 ◦C. Following this, fifty microliters of DPP-IV (0.01 U/mL)
were added, and the reaction proceeded for 60 min at 37 ◦C. To halt the reaction, researchers
introduced one hundred microliters of 1.0 M sodium acetate buffer at pH 4.0 and mea-
sured the absorbance at 405 nm. The absorbance values were then normalized against
sample blanks where DPP-IV was replaced with Tris-HCl buffer. Negative controls (repre-
senting no DPP-IV activity) and positive controls (indicating DPP-IV activity without an
inhibitor) were prepared by substituting the sample and DPP-IV solution with Tris-HCl
buffer, respectively. The DPP-IV inhibition rate for each sample was calculated as follows:

DPP-IV inhibition (%) = 1 − (A sample − A sample blank)
(A positive control − A negative control)

× 100 (7)

The IC50 values for each sample were determined via curve interpolation, indicating
the synbiotic microcapsule concentration needed to reach 50% inhibition of the initial
enzyme reaction rate.

2.5. In Vitro Simulation of Gastrointestinal Digestion

The in vitro simulated digestion method by Gomez-Mascaraque, Morfin, Pérez-Masiá,
Sanchez, and Lopez-Rubio [31] involved several steps: Simulated Gastric Fluid (SGF) was
prepared by mixing pepsin and sodium chloride in deionized water and adjusting its pH
to 2.0 using hydrochloric acid. Simulated Intestinal Fluid (SIF) was created by adding
pancreatin and porcine bile salt to a phosphate-buffered saline (PBS) solution at pH 7.5.
Both SGF and SIF were preheated to 37 ◦C, filtered, and used for digestion. A powdered
sample containing free and encapsulated cells was mixed with SGF for gastric digestion
at 37 ◦C, with samples withdrawn at 30, 60, 90, and 120 min. After gastric digestion, SIF
was added, and samples were retrieved at 1, 2, 3, and 4 h for simulated intestinal digestion,
followed by cell counting.

Viability =
log cfu N1
log cfu N0

(8)

Reduction in cell numbers = Survival rate (initial time)− Survival rate (SGF and SIF) (9)

where N1 represents the count of probiotic cells at the time of digestion in simulated gastric
fluid (SGF) and simulated intestinal fluid (SIF), and N0 represents the count of probiotic
cells at the initial time (0 h).

2.6. Statistical Analysis

Data collected in triplicate underwent analysis using a one-way analysis of variance
(ANOVA). The detection of significant differences among means (p ≤ 0.05) was conducted
using the Duncan procedure, employing SPSS 16.0 for Windows (SPSS Inc., Chicago, IL,
USA).
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3. Results and Discussion

3.1. The Effects of Microencapsulation and Spray Drying on the Survival Rate

Table 1 presents the survival rates of B. coagulans cells after encapsulation using
various wall-matrix ratios and subsequent spray drying. Initially, the probiotic count was
consistent at approximately 10.35 log CFU/g across all samples. Our investigation revealed
a significant decrease in the viability of free cells after the spray-drying process, showing
a reduction of about 4.67 log CFU/g. This decline in viability during spray drying can
be attributed to factors such as heat-induced stress, desiccation, and exposure to ambient
oxygen, all of which collectively impact the metabolic activity of microbial cells, leading to
decreased viability.

Table 1. The survival rates of free cells and cells encapsulated in various wall-matrix ratios before
and after the spray-drying process.

Samples
Viable Cells (log CFU/g)

Survival Rate (%)
Before Spray Drying After Spray Drying

Free Cell 10.35 ± 0.15 a 4.67 ± 0.26 d 45.12 ± 0.25 d

SMC1 (1:2:1) 10.91 ± 0.29 a 7.28 ± 0.37 c 66.73 ± 0.73 c

SMC3 (3:2:1) 10.61 ± 0.93 a 8.35 ± 0.20 b 78.70 ± 0.18 b

SMC5 (5:2:1) 10.75 ± 0.06 a 9.93 ± 0.53 a 92.37 ± 0.36 a

SMC7 (7:2:1) 10.58 ± 0.11 a 9.77 ± 0.94 a 92.34 ± 0.27 a

Significant differences within the column (p ≤ 0.05) are denoted by superscript letters (a–d).

Interestingly, an increase in the concentration of skim milk powder within the encapsu-
lant agents corresponded to improved viability of the encapsulated probiotics. Specifically,
SMC1, containing 23.75% skim milk powder, exhibited a viability rate of 66.73%. Similarly,
SMC3 (with 47.50% skim milk powder), SMC5 (containing 59.38% skim milk powder), and
SMC7 (with 66.50% skim milk powder) displayed viability rates of 78.70%, 92.37%, and
92.34%, respectively. Consequently, post-spray drying, different wall matrices, designated
as SMC1-7, showcased a spectrum of probiotic survival rates.

These findings unmistakably delineate a robust association between the concentration
of skim milk powder and the viability rate of the probiotics enclosed within. It is noteworthy
that when skim milk powder is employed in limited proportions, it may prove inadequate
in constructing the requisite stable and protective encasements around the microbial cells,
potentially leading to an encumbered encapsulation process wherein the cells are not
fully enveloped or adequately shielded within the capsules [36]. Conversely, elevated
concentrations of skim milk powder may furnish a surfeit of both quantity and quality in
terms of wall materials, thereby facilitating effective encapsulation, averting cell diffusion,
and preserving viability [37].

In addition, proteins can effectively shield probiotic cells from the detrimental effects
of high temperatures during the spray-drying process. This thermal protection is crucial
for preserving the viability and functionality of probiotics [24]. This study suggests that
the choice of encapsulation material can have a significant impact on the viability of
probiotic microorganisms. This study emphasizes the impact of encapsulation materials on
probiotic viability. B. coagulans showed higher survival (>66%) with SMC1-7 encapsulation,
surpassing L. acidophilus encapsulated with maltodextrin, skim milk powder, and trehalose,
which had a 59.2% survival rate, aligning with Soukoulis et al. [38]’s findings. Consequently,
this study has brought to light that the conditions characterized by SMC5 and SMC7
emerge as the optimal parameters for microencapsulation, particularly with regard to the
augmentation of B. coagulans spore viability post-spray-drying operation.

37



Foods 2023, 12, 3692

3.2. Bioactivity of the Encapsulated Products
3.2.1. In Vitro Antioxidant Activities

Oxidative stress, marked by increased levels of reactive oxygen species (ROS), is corre-
lated with diverse forms of cellular damage and chronic diseases such as cardiovascular
diseases in humans, diabetes, neurodegenerative diseases, and cancer [39]. While synthetic
antioxidants have traditionally been employed to protect against oxidative stress, con-
cerns have arisen regarding their safety and long-term effects. Consequently, researchers
have focused on natural antioxidant solutions, including probiotics [39]. The research con-
ducted by Kodali and Sen [40] has uncovered multiple beneficial properties of B. coagulans,
including its antibacterial, antiviral, and antioxidant activities. Furthermore, the study
demonstrates that supplementing with B. coagulans effectively reduces NH3 levels in the
serum, thereby alleviating oxidative stress [41]. However, numerous chemical analyses
employing diverse techniques have been performed to evaluate the antioxidant properties
of the compounds of interest. The incorporation of these chemical analyses, which operate
via a variety of mechanisms, can be instrumental in shedding light on the primary modes
of action of these antioxidant compounds.

In our experimental findings, it was discerned that the encapsulated samples, denoted
as SMC1-7, exhibited a notable reduction in the EC50 value in comparison to the free cells,
as illustrated in Figure 3A–C. These observations underscore the advantageous influence
of encapsulation on the antioxidant activity exhibited by B. coagulans metabolites and
spores, particularly in their proficiency to counteract DPPH radicals, hydroxyl radicals, and
superoxide radicals. Intriguingly, both SMC5 and SMC7 manifested the most diminished
EC50 values for DPPH and hydroxyl radical-scavenging activities when juxtaposed with
the other specimens. A lower EC50 value signifies a heightened potency in the scavenging
activity against hydroxyl radicals, indicative of their pronounced efficacy in the realm
of antioxidants, particularly concerning mechanisms involving hydrogen atom transfer
(HAT), single electron transfer (SET), and the quenching of hydroxy radicals. Among
oxygen radicals, hydroxyl radicals are renowned for their extraordinary reactivity and
their proclivity to inflict extensive damage upon adjacent biomolecules. This oxidative
damage encompasses processes associated with aging, the genesis of cancer, and the onset
of various pathological conditions [42]. Furthermore, SMC5 exhibited the most remarkable
superoxide radical-scavenging activity, with the lowest EC50 value recorded at 0.82 mg/mL.
This reactive oxygen species plays a crucial role in oxidative stress. In our study, we
observed that the microencapsulated product of B. coagulans TISTR 1447 exhibited higher
bioactive properties compared to B. coagulans T242, as indicated by the research conducted
by Sui et al. [43]. Specifically, within the range of 106–108 CFU/g, B. coagulans TISTR
1447 showed superior DPPH-scavenging activity (35.0%), hydroxyl radical-scavenging
activity (39.0%), and superoxide anion radical-scavenging activity (14.8%) in comparison
to B. coagulans T242. In addition, probiotics, such as B. coagulans, are renowned for their
capacity to generate antioxidant compounds, including butyrate, glutathione (GSH), and
folate [44]. These metabolites play a role in diminishing oxidative stress and improving
the assimilation of dietary antioxidants via indirect mechanisms [40,45]. Furthermore, the
study conducted by Kodali and Sen [40] sheds light on the role of B. coagulans in influencing
the composition and activity of the gut microbiota. A balanced gut microbiota is crucial
for maintaining an overall antioxidant balance, and B. coagulans may enhance antioxidant
activity by promoting a healthy balance of gut bacteria.

Nonetheless, our observations revealed a noteworthy distinction in the antioxidant
potential between the control sample, consisting of encapsulated materials devoid of B.
coagulans metabolites and spores, and both the free-cell and encapsulated-probiotic-cell
counterparts. The control samples containing skim milk powder exhibited markedly dimin-
ished antioxidant potency, as evidenced by the highest recorded EC50 value in comparison
to the free-cell and encapsulated-probiotic-cell variants. This peculiarity in the control
samples’ antioxidant activity can be ascribed to the presence of casein compounds within
skim milk powder. Skimmed milk can serve as a protective matrix for probiotic bacteria;
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the probiotic microorganisms are encapsulated or embedded within the milk matrix. This
protective matrix helps shield the probiotics from environmental stresses, such as exposure
to oxygen, light, or temperature fluctuations, which can lead to oxidative damage [46].
Specifically, the amino acid composition of casein encompasses amino acids endowed
with antioxidant properties, such as cysteine and methionine, integrated into its molecular
structure [47]. Consequently, our investigation unequivocally elucidates that the SMC5
condition emerges as the preeminent choice for the development of microencapsulated B.
coagulans products endowed with heightened antioxidative capabilities, equipping them
with the capacity to counteract the deleterious effects of free radicals.

Figure 3. The graph illustrates the in vitro antioxidant activity of both free and encapsulated probiotic
cells within different wall matrices, assessed using distinct methods: DPPH (A), hydroxyl radicals
(B), and superoxide anion radicals (C). Values with notable differences (p ≤ 0.05) are indicated by
individual superscript letters (a–h).

3.2.2. α-Amylase and α-Glucosidase Inhibitory Activities

Diabetes is a chronic metabolic disease marked by elevated blood glucose levels,
resulting in long-term damage to the heart, blood vessels, eyes, kidneys, and nerves.
One primary approach to diabetes management involves inhibiting the digestion and
absorption of carbohydrates, such as α-amylase, which gradually increases blood sugar
levels after meals. It can effectively control post-meal blood glucose spikes [48]. Its
primary function occurs within the small intestine, where it enzymatically breaks down
disaccharides and complex carbohydrates, converting them into simpler sugars, such as
glucose. The inhibition of α-glucosidase leads to a delay in the absorption of glucose from
the gastrointestinal tract into the bloodstream, contributing to the reduction of post-meal
blood sugar levels [49].

Within the ambit of our study, it was ascertained that all microencapsulated products
exhibited a heightened degree of inhibitory activity against α-amylase in comparison
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to their free-cell counterparts. Among the various microcapsules investigated, SMC1
displayed the least inhibition of α-amylase activity, even when juxtaposed against all other
microcapsules, as graphically represented in Figure 4A. Remarkably, SMC5 showcased
the most robust inhibitory activity against α-amylase, as substantiated by an IC50 value
of 1.32 mg/mL. Intriguingly, these observed activities appeared to remain unaffected by
alterations in the ratio of skim milk within the microcapsules. Notably, SMC5′s inhibitory
potency against α-amylase surpassed that of acarbose, a pharmaceutical agent commonly
employed for the management of diabetes via the inhibition of carbohydrate digestion.
The IC50 value for acarbose stood at 1.42 mg/mL. Our findings harmonize with those
delineated by Li et al. [50], who also documented a favorable correlation between the
presence of B. coagulans and the inhibition of α-glucosidase activity.

Figure 4. In vitro antidiabetic activity of free and encapsulated probiotic cells in different wall
matrices via α-amylase (A) and α-glucosidase (B). Values with notable differences (p ≤ 0.05) are
indicated by individual superscript letters (a–i).

Among the diverse array of microencapsulated products examined, SMC5 distinctly
emerges as the frontrunner, showcasing the most pronounced α-glucosidase-inhibitory
activity, characterized by an exceptionally low IC50 value of 1.15 mg/mL, as graphically
delineated in Figure 4B. These observations suggest that microcapsules possess the capacity
to retard the absorption of glucose from the intestinal tract into the circulatory system. This
phenomenon holds promise for the management of postprandial blood glucose levels. It is
of paramount importance to underscore, however, that SMC5, despite its commendable
efficacy, still exhibits a lower potential in comparison to acarbose, a synthetic α-glucosidase
inhibitor boasting an IC50 value of 0.033 mg/mL. Studies have reported similar results
regarding the inhibition of α-glucosidase activity in B. coagulans CC spores. Additionally,
B. subtilis B2 from fermented food demonstrated the ability to produce an α-glucosidase
inhibitor, as documented by Kim et al. [51] and Zhu et al. [52]. Probiotics, including B.
coagulans, may produce inhibitory compounds such as organic acids, bacteriocins, short-
chain fatty acids (SCFAs), or peptides that can interfere with the activities of α-amylase and
α-glucosidase. These compounds may directly bind to the enzymes, rendering them less
active [53]. Consequently, our research underscores the paramount suitability of SMC5 for
the development of microencapsulated B. coagulans products with antidiabetic attributes,
endowing them with the capacity to inhibit both α-amylase and α-glucosidase activities.

3.2.3. DPP-IV-Inhibitory Activity

DPP-IV is a crucial enzyme involved in the breakdown of incretin hormones like
glucagon-like peptide-1 (GLP-1), which plays a key role in regulating blood sugar levels.
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The inhibition of DPP-IV results in elevated levels of active GLP-1, which, in turn, promotes
increased insulin secretion and a reduction in blood sugar levels [54].

In our empirical findings, it was discerned that among the gamut of microcapsules
under scrutiny, SMC7 notably exhibited the highest degree of DPP-IV-inhibitory activity, as
underscored by its IC50 value of 0.25 mg/mL (Figure 5). Subsequently, SMC5 emerged as
the second-most efficacious, yielding an IC50 value of 0.37 mg/mL. When assessing the
overarching proficiency in enzyme inhibition across diverse wall matrices, the hierarchy
of efficacy was delineated as follows: SMC7 > SMC5 > SMC3 > SMC1 > free cells >
control samples (comprising encapsulated materials bereft of B. coagulans spores). This
study found a direct improvement in the DPP-4 inhibition of the encapsulated products
with an increasing ratio of skim milk. This suggests that skim milk might safeguard the
bioactive material responsible for DPP-IV-inhibitory activity. Interestingly, this trend was
not observed in the control samples, indicating a unique effect specific to the encapsulated
products. However, the control samples exhibited some degree of inhibitory activity, which
was attributed to the presence of casein components in skim milk powder. These casein
components contain small peptides that have been extensively studied for their various
bioactive properties, including potential health benefits such as reducing hypertension
(high blood pressure) and modulating the immune system [55]. Our study’s findings align
with previous research by Wu et al. [56], who reported similar results for B. amyloliquefaciens
demonstrating DPP-4-inhibitory activity. Moreover, probiotic bacteria have the ability
to produce a range of bioactive compounds, such as peptides and metabolites, which
are capable of inhibiting DPP-4 activity. These compounds can directly interact with
the enzyme, diminishing its capacity to break down incretin hormones like GLP-1, as
demonstrated by Yan et al. [10]. This interaction highlights the potential significance of
probiotic compounds in regulating DPP-4 activity and preserving incretin hormones. Our
findings align with the work conducted by Mudgil et al. [57], who reported the plausible
DPP-IV-inhibitory activity of probiotic strains, suggesting potential improvements in blood
glucose regulation. These insights hold implications for ameliorating fasting blood glucose
levels in individuals afflicted with type 2 diabetes and enhancing glucose tolerance. Such
discernments are poised to inform dietary choices for diabetic patients and contribute to the
development of safer and more efficacious pharmaceutical agents in the foreseeable future.

Figure 5. In vitro DPP-IV-inhibitory activity of free and encapsulated probiotic cells in different wall
matrices. Values with notable differences (p ≤ 0.05) are indicated by individual superscript letters (a–g).
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The encapsulation processes of SMCs played a vital role in improving their biological
activities. These bioactivities were found to correlate with survival rates, as depicted in
Table 1. Notably, SMC5 and SMC7 exhibited the highest survival rates after the spray-
drying process. This observation suggests that skim milk is a critical component for their
effectiveness and demonstrates stronger inhibitory activity. As a result, these two conditions
hold the potential to offer enhanced therapeutic benefits, especially in processes like the
spray drying of B. coagulans.

3.3. The Survival Rate during In Vitro Simulation of Gastrointestinal Digestion

Figure 6 portrays the viability profiles of both free and microencapsulated B. coagulans
cells, employing various wall materials denoted as SMCs, throughout a six-hour simulation
mimicking gastrointestinal digestion. The free cells demonstrated a decline in viability
amounting to 3.2 log CFU/g over the entire duration of the digestion process. Of particular
note, all samples encapsulated within SMCs exhibited markedly superior survival rates
subsequent to the simulated gastrointestinal digestion in comparison to their free-cell
counterparts. This enhancement was substantiated by a diminution in viability of less than
1.0 log CFU/g. These findings underscore the efficacy of microencapsulation employing
a protein-based coating augmented with prebiotic inulin in significantly bolstering the
survivability of probiotic entities within the simulated gastric and intestinal environments,
surpassing the resilience of unencapsulated spores.

Figure 6. The reduction in B. coagulans during in vitro-simulated gastrointestinal digestion of free
and encapsulated cells with various wall materials. Values with notable differences (p ≤ 0.05) are
indicated by individual superscript letters (a–d) at the same time point (h).

Notably, these rates still exceeded the recommended 6 log CFU/g set by the Interna-
tional Dairy Federation (Table 1). The SMC7 sample exhibited the highest cell survival,
with only a decrease of 0.58 log CFU/g during gastrointestinal digestion, followed by the
SMC5 sample, which had a nonsignificant difference from SMC7 with a loss of 0.93 log
CFU/g, and the SMC1 sample, with a loss of 1.14 log CFU/g. Our study yielded more
robust results compared to those presented by Yoha et al. [58]. They found that encap-
sulating L. plantarum using a combination of fructo-oligosaccharide, whey protein, and
maltodextrin led to a significant loss of cell viability, with reductions of 2–3 log during
exposure to gastric conditions and 4 log under small-intestinal conditions. In contrast, our
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research demonstrated that skim milk proteins and cellulose acetate create a protective
barrier around probiotics. This barrier potentially reduces their exposure to proteolytic
enzymes in the digestive system, enhancing the probiotics’ survival and enabling them to
maintain their activity within the gut [59].

Our experiments have conclusively confirmed that microencapsulation acts as a vital
shield for the B. coagulans probiotic, safeguarding it from the harsh gastric environment
characterized by low pH levels and the presence of digestive enzymes in the intestinal tract.
To achieve this, we utilized cellulose acetate phthalate, a well-known polymer recognized
for its ability to control pH-dependent releases. This material dissolves under mildly
acidic or neutral intestinal conditions yet remarkably withstands highly acidic gastric
fluids [26]. This exceptional quality has the potential to significantly slow the release of
B. coagulans spores and metabolite materials during the gastric phase, ensuring a more
controlled release in the intestinal phase. This protective mechanism not only guarantees
the probiotic’s efficacy but also holds the promise of delivering numerous health benefits
upon oral consumption. Importantly, our findings shed light on the intricate effects of
microencapsulation, revealing its dependence on the careful selection of coating materials
and the specific physiological conditions encountered within the digestive tract.

Furthermore, our investigation sought to evaluate the bioactive activity of these
encapsulated samples during GI digestion; however, it was observed that these samples
contained a high concentration of gastrointestinal salts (sodium chloride and phosphate-
buffered saline), gastrointestinal enzymes (pepsin and pancreatin), and bile salts (porcine
bile salt). Consequently, our research focused exclusively on the assessment of survival
rates, given the substantial interference posed by the factors mentioned above on the
bioactive potential of the probiotics.

4. Conclusions

The optimal ratio for successful spray drying of B. coagulans was developed, resulting
in the creation of a stable encapsulated synbiotic powder with improved survival rates and
enhanced bioactive properties. The proportion of skim milk powder in the formulation was
increased, proving beneficial as it bolstered the survival of B. coagulans spores during the
spray-drying process, enabling them to withstand the rigors of gastrointestinal digestion.
Particularly noteworthy was the robust survival of B. coagulans when exposed to simulated
intestinal fluid, demonstrating its potential in the gut. Furthermore, heightened biological
activities were observed in the encapsulated products. These included effective antioxidant
activity against substances like DPPH, hydroxy radicals, and superoxide radicals, as well
as noteworthy antidiabetic effects, including the inhibition of α-amylase and α-glucosidase
enzymes. Among the various conditions tested, SMC5 exhibited the most impressive
performance in terms of protecting B. coagulans cells and delivering multifunctional bioac-
tive properties. The research-derived formula has the potential to benefit a wide range of
probiotics, suggesting exciting prospects for the development of commercial products via
further exploration and optimization.
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Abstract: Wild artisanal cultures, such as a symbiotic culture of bacteria and yeasts (SCOBY) and
water kefir grains (WKG), represent a complex microorganism consortia that is composed of yeasts
and lactic and acetic acid bacteria, with large strains of diversity and abundance. The fermented
products (FPs) obtained by the microbiome’s contribution can be included in functional products
due to their meta-biotics (pre-, pro-, post-, and paraprobiotics) as a result of complex and synergistic
associations as well as due to the metabolic functionality. In this study, consortia of both SCOBY and
WKG were involved in the co-fermentation of a newly formulated substrate that was further analysed,
aiming at increasing the postbiotic composition of the FPs. Plackett–Burman (PBD) and Response
Surface Methodology (RSM) techniques were employed for the experimental designs to select and
optimise several parameters that have an influence on the lyophilised starter cultures of SCOBY
and WKG activity as a multiple inoculum. Tea concentration (1–3%), sugar concentration (5–10%),
raisins concentration (3–6%), SCOBY lyophilised culture concentration (0.2–0.5%), WKG lyophilised
culture concentration (0.2–0.5%), and fermentation time (5–7 days) were considered the independent
variables for mathematical analysis and fermentation conditions’ optimisation. Antimicrobial activity
against Bacillus subtilis MIUG B1, Staphylococcus aureus ATCC 25923, Escherichia coli ATCC 25922,
and Aspergillus niger MIUG M5, antioxidant capacity (DPPH), pH and the total acidity (TA) were
evaluated as responses. The rich postbiotic bioactive composition of the FP obtained in optimised
biotechnological conditions highlighted the usefulness of the artisanal co-cultures, through their
symbiotic metabolic interactions for the improvement of bioactive potential.

Keywords: water kefir grains; SCOBY membranes; co-fermentation; design of experiments; postbiotics

1. Introduction

Artisanal cultures are known as wild consortia of microorganisms which can grow on
unconventional fermentation substrates, resulting in valuable products rich in bioactive
compounds (biotics).

Briefly, SCOBY-based membranes are made of a natural consortium of microorganisms
which work in mutualistic symbiosis due to a wide variety of species comprising mostly
acetic acid bacteria (Gluconacetobacter ssp., Acetobacter ssp., and Gluconobacter ssp.) and
yeasts (Zygosaccharomyces ssp., Brettanomyces ssp., and Saccharomyces ssp.), but also some
lactic acid bacteria strains (Lactobacillus ssp.). The bacterial strains generate a polysaccharide
stroma in which the yeasts are attached, causing the development of a membrane with
a thickness of several centimetres at the liquid–air border [1,2]. This SCOBY-based mem-
brane usually ferments black or green tea supplemented with sucrose. The fermentation
took place over 7 to 10 days, at 20–25 ◦C, and as such a beverage with a rich postbiotic
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composition was achieved. It contained organic acids (acetic, lactic, malic, tartaric, citric,
gluconic, and glucuronic), and other compounds (substances with antibiotic properties,
ethanol, water-soluble vitamins, hydrolytic enzymes, and amino acids) [3,4].

WKG culture is typically composed of lactic acid bacteria (Lactobacillus ssp., Streptococ-
cus ssp., and Leuconostoc ssp.), yeasts (Saccharomyces ssp. and Dekkera ssp.), and acetic acid
bacteria, encapsulated in the polysaccharide dextran (and a limited concentration of levan)
matrix, looking like hard granules, small, translucent, and irregular [5,6]. These grains are
usually cultured in water and sucrose supplemented with dried fruits (often raisins or figs),
afterwards producing a useful beverage [7]. After 2–3 days of fermentation at 20–25 ◦C, the
FP contains a wide range of synthesised metabolites, including lactic acid, esters, glycerol,
carbon dioxide, and acetic acid isoamyl acetate, as well as ethanol, ethyl octanoate, ethyl
decanoate, and ethyl hexanoate [1,8].

The microbial strains’ symbiotic interaction in the artisanal consortium offers metabo-
lite production in the FPs (pre-, pro-, post-, and para-probiotics). The diversity of the mi-
crobial community ensures the stability and safety of FPs against spoilage and pathogenic
microorganisms [5]. The products fermented with artisanal cultures also exhibit valuable
biological activities, including immunomodulatory, anti-inflammatory [9], antihyperten-
sive, hepatoprotective, cholesterol-lowering, and antioxidant potential [10]. This study’s
goal was the co-cultivation of SCOBY and WKG (lyophilised cultures) in a new formulated
fermentation medium and the optimisation of the biotechnological parameters to produce
FP with improved bioactive content.

2. Materials and Methods

2.1. Multiplication and Freeze-Drying of Water Kefir Grains as Starter Cultures

WKG (Medicer Bios, Bucharest, Romania) were grown on a specific medium based on
sterile tap water supplemented with 10% (w/v) sugar and 1% (w/v) raisins, at 25 ± 1 ◦C,
for a period of 48 h, under aerobic conditions. Further, the grains were firstly washed
using Milli Q water, and then immersed in a fresh medium. The mixtures were incubated
under the same conditions as mentioned before, with successive cultivation steps to allow
the granules to multiplicate [11]. Furthermore, in order to assure the cryoprotection of
the viable cells, the granules were washed with ultrapure water and supplemented with
10% (w/v) inulin and lyophilised at −80 ◦C (Christ Alpha 1-4 LD plus, Osterode am Harz,
Germany). The cryodesiccated water kefir grains were ground and further stored at a
temperature of 4 ◦C.

2.2. Multiplication of Kombucha’s Biofilm as a Starter Culture

The SCOBY-based membranes, purchased from a private household from the Republic
of Moldova, were multiplied via successive cultivation in a sugar-based medium (7.5%,
w/v) with the addition of 3% (w/v) infusion of black tea (Aaro Forstman Oy, Vantaa,
Finland). The mixture was incubated for 10 days at room temperature (22 ± 2 ◦C). Then,
20% (w/w) sterile inulin powder was added to 100 g of biofilm that was previously divided
in small pieces, the mixture being homogenised and freeze-dried [12]. The resulting biofilm
was finally mortared and stored at 4 ◦C.

2.3. Experimental Design and Optimisation of WKG and SCOBY Co-Cultivation Process
2.3.1. The Plackett–Burman Design to Select the Factors Influencing the Synergism between
WKG and SCOBY

For the screening of the most significant parameters that influence the co-cultivation
of WKG and SCOBY, FPs were prepared according to the Plackett–Burman experimental
Design (PBD), by varying the following parameters: 1–3% (w/v) black tea leaves (the tea
mixture being infused for 5 min in boiled water and cooled down until 90 ± 1 ◦C), 3–6%
(w/v) raisins, 5–10% (w/v) sugar, pH = 6.30 (Table 1). After the medium’s sterilisation at
105 ◦C, for a period of 10 min, it was inoculated, after cooling, with the lyophilised starter

48



Foods 2023, 12, 2581

cultures (0.2–0.5% w/v), and incubated under aerobic and stationary conditions for 5 to
7 days at 30 ◦C. After fermentation, the samples were analysed immediately.

Table 1. Independent variables and the PBD variation ranges.

Independent Variables
Minimum Value Maximum Value

−1 +1

A, black tea concentration, % (w/v) 1.0 3.0
B, sugar concentration % (w/v) 5.0 10.0

C, raisins concentration % (w/v) 3.0 6.0
D, time of fermentation, days 5.0 7.0

E, freeze-dried SCOBY concentration, % (w/v) 0.2 0.5
F, freeze-dried concentration WKG, % (w/v) 0.2 0.5

The Minitab software took into consideration 3 central points and 6 factorial and
thus generated 15 experimental variants. The responses that were regarded were the pH
and titratable acidity, the antioxidant capacity, and the antimicrobial activities (against
above-mentioned microorganisms).

2.3.2. Optimisation of WKG and SCOBY Co-Cultivation via Response Surface
Methodology (RSM)

After analysing the responses obtained from PBD experimental runs, the factors influ-
encing the fermentation with WKG and SCOBY were identified, as follows: concentration
of black tea and raisins, as well as the fermentation time. Subsequently, five variation levels
were analysed for the independent variables (Table 2) included in the RSM analysis. For
the statistical validation of the experimental models, a p value of <0.05 was regarded as
being significant.

Table 2. Variation levels of the independent variables in RSM.

Independent Variables
Variation Levels

−1 0 +1 −α +α

A, black tea concentration, % (w/v) 1.00 2.00 3.00 1.39 2.61
C, raisins concentration % (w/v) 3.00 4.50 6.00 3.58 5.42

D, fermentation time, days 5.00 6.00 7.00 5.39 6.61

The factors that were not optimised (B, E, F) remained constant; respectively, a 5%
sugar concentration (w/v), a 0.2% lyophilised SCOBY concentration (w/v), and a concen-
tration of WKG of 0.2% (w/v).

2.4. The Evaluation of the Responses
2.4.1. Acidifying Potential

The pH analysis was assessed with a digital pH meter (Mettler Toledo, FiveEasy F20,
Greifensee, Switzerland).

The titratable acidity was expressed in Thörner degrees (◦Th), using the AOAC
method [13]. In brief, about 4 g of sample was weighed and distilled water was added to
reach 50 mL, in volumetric flask. Aliquots of 10 mL were used for the NaOH 0.1N titration,
using phenolphthalein, until the appearance of a weak pink colour.

2.4.2. Evaluation of the Antifungal Properties of the FPs

The antifungal activity assessment was carried out on the indicator strain of As-
pergillus niger MIUG M5, belonging to the MIUG Collection, from the Faculty of Food
Science and Engineering, “Dunărea de Jos” University, Galati, Romania. The incubation of
the mould strain was achieved at 25 ◦C, for 96 h, using the Yeast Glucose Chloramphenicol
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(YGC) Agar. The inoculum was obtained by the suspension of the spores in sterile saline
solution (0.9% NaCl) at a concentration of 1 × 105 spores/mL, by counting with the Thoma
chamber. From the fresh FP, a volume of 1 mL was taken and dispersed in a Petri dish
and thoroughly mixed with a volume of 20 mL of Potato Dextrose Agar (PDA) medium
(Oxoid, England). After solidification, from the spore’s suspension a volume of 10 μL was
inoculated in the centre of the plate and left for incubation at 25 ◦C for 4 days (96 h). The
control was assessed under the above-mentioned conditions but without the FP addition.
Subsequent to the incubation time, the diameters of the mould’s growth were determined
and the inhibition ratio (RI) was determined using Equation (1) [14]:

RI =
Ac − At

Ac
× 100 (1)

where RI represents the growth inhibition ratio, Ac represents the mould growth’s diameter
of the control sample, and At the mould strain’s diameter on the FP-supplemented medium.

2.4.3. Assessment of the FPs’ Antibacterial Activity

Antibacterial activity was tested against the indicator strains Bacillus subtilis MIUG
B1, Escherichia coli ATCC 25922, and Staphylococcus aureus ATCC 25923, strains that were
cultivated on Plate Count Agar (PCA) (Scharlau, Barcelona, Spain), respectively, and
Mueller II Hinton agar (Biolab, Hungary) for 24 h, at 37 ◦C. Then, the colony was placed
into the Nutrient Broth (for B. subtilis) or, respectively, Muller Hinton broth (for E. coli and
S. aureus), with an overnight incubation at 37 ◦C. Afterwards, the bacterial inoculum was
dimensioned spectrophotometrically (OD600nm) at 0.3, corresponding to a concentration
around 2.4 × 108 CFU/mL. Subsequently, a volume of 500 μL of bacterial suspension was
added in the Petri dishes with the specific media for each bacterial strain in the wells made
(8 mm diameter), and 100 μL of FP was added. Afterwards, the incubation of the plates took
place at 37 ◦C, for 48 h, the inhibition zone being determined and expressed in mm [15,16].

2.4.4. Evaluation of the Antioxidant Properties of the FPs

In order to extract the bioactive from the fermented medium, an ultrasound-assisted
method (MRC. Ltd., Holon, Israel) was applied, considering an extraction time of 30 min
at 40 ◦C, followed by centrifugation at 7000 rpm and 4 ◦C for 15 min. To obtain the 2,2-
diphenyl-1-picrilhydrasyl (DPPH) radical scavenging potential (DPPH) solution, 4 mg
of DPPH were transferred in 100 mL of HPLC-grade methanol (≥99.9%) and allowed to
dissolve. The DPPH solution was prepared daily and stored in dark conditions [17,18].
From the supernatant, an aliquot of 0.1 mL sample was homogenised with 3.9 mL DPPH
solution and kept in the dark for 90 min, and the absorbance was read at 515 nm [19,20].

Antioxidant activity was performed by adding the 2,2-diphenyl-1-picrilhydrasyl
(DPPH) radical scavenging potential, allowing the antioxidant activity in μM TE/mL
to be calculated on a calibration curve based on 6-hydroxy-2,5,7,8-tetramethylcroman-2-
carboxylic acid (Trolox). The antioxidant activity was calculated according to the Formu-
las (2) and (3):

RSA, % = [(Am − Ap)/Am] × 100 (2)

μM TE/mL = (RSA, % − 3.3672)/0.3483 (3)

where Am was the absorbance of the control and Ap the absorbance of the sample analysed.
In brief, 4 mg of DPPH was transferred in 100 mL of HPLC-grade methanol (≥99.9%)

and allowed to dissolve. The DPPH solution was prepared daily and stored in dark
conditions [17,18].

50



Foods 2023, 12, 2581

2.5. Analysis of Organic Acids and Polyphenolic Content in the FP Obtained in Optimised
Fermentation Conditions
2.5.1. The Assessment of the Organic Acids

The determination was achieved using an HPLC system, Agilent 1200 (Agilent Tech-
nologies, Santa Clara, CA, USA), with a multi-wavelength detector (MWD) and a quater-
nary pump, autosampler, degasser, and a thermostat. The column was a Hamilton RPR
X300 (250 × 4.1 mm, particle size 7 μm, Hamilton, Bonaduz, Switzerland), with a gradient
elution composed of mobile phase A (KH2PO4, 20 mM, pH 2.4) and phase B—acetonitrile
90% (v/v) (ACN) [21]. The mobile phases’ mixtures had the following steps: min 0—80%
A, min 10—40% A, min 12.5—40% A, min 12.6—80% A. The organic acids’ separation
profile was achieved at 210 nm, injection volume of 20 μL, at 30 ◦C, with a 1.5 mL/min
flow-rate [22]. The data acquisition was assessed with the ChemStation software.

The organic acids were identified and quantified based on external calibration curves
using HPLC-grade organic acids’ standard solutions (Sigma Aldrich, Schnelldorf, Germany).

2.5.2. Evaluation of Polyphenols

The Agilent 1200 high-performance liquid chromatography system (Agilent Technolo-
gies, Santa Clara, CA, USA) was applied to determine the polyphenolic composition of the
analysed samples. Consequently, the compounds of interest were separated with a Synergi
Max-RP-80Å column with a guard column (250 × 4.6 mm, particle size of 4 μm, Phe-
nomenex, Torrance, CA, USA) using mobile phase A (ultrapure water: acetonitrile: formic
acid = 87:3:10) and mobile phase B (ultrapure water: acetonitrile: formic acid = 40:50:10),
with the following elution program: min 0—94% A, min 20—80% A, min 35—60% A, min
40—40% A, min 45—10% A. For the polyphenolic compounds’ separation, at 30 ◦C, a
20 μL volume was deployed into the column, at a 0.5 mL/min flow rate. The time of the
method was 80 min and then the data were processed using ChemStation program version
B.04.03 [14,23,24].

The polyphenols were identified and quantified simultaneously at the wavelengths of
280 nm and 320 nm, based on external calibration curves for the available polyphenolic
HPLC-grade standards (Sigma Aldrich, Schnelldorf, Germany).

2.6. Statistical Analysis

The design of the experiments was assessed with the Minitab 17 software (v. 1.0, LLC,
Pennsylvania State University, Centre County, PA, USA). One-way ANOVA and Tukey
tests considering a 95% confidence interval (p < 0.05) were used to analyse the experimen-
tal results, which were considered as averages of triplicate measurements followed by
standard deviation.

3. Results and Discussions

3.1. The Selection of the Most Important Parameters That Influenced the Fermentation Process with
Artisanal Consortia via PBD Analysis

This strategy was applied for the fermentation process, aiming at designing the
appropriate culture medium by adjusting the carbon (C) and nitrogen (N) sources, the
C/N ratio, minerals, trace elements, growth factors, and the fermentation parameters. In
the customised formulas for fermentation, the main source of C was considered, whereas
the fresh or dried fruits provided the nitrogen [25]. The analysed parameters and the
interactions between them could be evaluated objectively using statistical methods [26].

The statistical modelling with PBD generated 15 experimental combinations using
the ranges of variation for the chosen factors, as follows: black tea concentration 1–3%
(w/v), sugar concentration 5–10% (w/v), raisins concentration 3–6% (w/v), 5–7 days of
fermentation, lyophilised SCOBY ranging from 0.2 to 0.5% (w/v), and WKG ranging from
0.2 to 0.5 % (w/v), respectively (Table 3).
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Table 3. The PBD of experiments and the corresponding responses obtained based on the independent
variables’ variation.
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1 1.0 10.0 6.0 7.0 0.2 0.5 3.85 37.50 2.411 0.00 0.00 5.00 100.00
2 3.0 5.0 6.0 7.0 0.2 0.5 3.94 40.00 2.404 0.00 0.00 7.00 82.96
3 2.0 7.5 4.5 6.0 0.35 0.35 3.85 51.25 2.412 0.00 0.00 5.83 100.00
4 1.0 5.0 6.0 7.0 0.5 0.2 3.87 50.00 2.409 0.00 0.00 3.83 100.00
5 2.0 7.5 4.5 6.0 0.35 0.35 3.83 43.75 2.412 0.00 0.00 5.33 100.00
6 1.0 10.0 6.0 5.0 0.5 0.2 3.85 41.25 2.398 0.00 14.00 4.17 88.34
7 1.0 5.0 3.0 7.0 0.5 0.5 3.82 45.00 2.401 0.00 0.00 1.50 100.00
8 3.0 10.0 6.0 5.0 0.5 0.5 3.96 38.75 2.393 0.00 0.00 7.33 100.00
9 2.0 7.5 4.5 6.0 0.35 0.35 3.88 36.25 2.401 0.00 0.00 5.50 100.00
10 1.0 10.0 3.0 5.0 0.2 0.5 3.87 20.00 2.394 0.00 11.67 2.50 100.00
11 1.0 5.0 3.0 5.0 0.2 0.2 3.46 225.00 2.398 12.67 12.33 14.33 82.06
12 3.0 5.0 3.0 5.0 0.5 0.5 3.96 56.25 2.388 0.00 0.00 6.00 100.00
13 3.0 10.0 3.0 7.0 0.2 0.2 3.91 62.50 2.388 0.00 0.00 7.17 100.00
14 3.0 10.0 3.0 7.0 0.5 0.2 3.88 56.25 2.390 0.00 0.00 6.33 83.86
15 3.0 5.0 6.0 5.0 0.2 0.2 3.92 58.75 2.388 0.00 0.00 6.00 100.00

* A—tea concentration, % (w/v); B—sugar concentration, % (w/v); C—raisins concentration % (w/v); D—time of
fermentation, days; E—SCOBY culture’s concentration % (w/v); F—WKG culture’s concentration, % (w/v).

Thus, the following results were obtained; 3.46–3.96 for pH and 20–225 ◦Th for titrat-
able acidity, while for the antioxidant activity a value of 2.388–2.412 μM TE/mL was
found, and 0.00–12.67 mm for the antibacterial activity inhibition zone against E. coli,
0.00–14.00 mm against S. aureus, 1.50–14.33 mm against B. subtilis, and an 82.06–100%
inhibition zone for the antifungal activity.

The statistical models, based on some analysed responses, respectively, the antioxidant
activity and the antibacterial activity against S. aureus, were validated in accordance with
the regression coefficients higher than 80% and at a p < 0.05 value.

The main parameters that influenced the FPs’ antioxidant activity were the tea’s
concentration (A), raisins’ concentration (C), and the time of fermentation (D), and their
impact on the studied response variables is shown in the Pareto diagram (Figure 1a).

Analysing the results comparatively, it can be stated that the FPs that were involved
in the co-culture were characterised by a higher bioactive capacity compared to the unfer-
mented medium, due to the polyphenols present in the tea and the metabolites of yeasts
and bacteria, including vitamins, organic acids, and extracellular enzymes that contribute
to the structural and compositional changes during the fermentation of kombucha [27].

The product fermented with WKG had a high antioxidant potential on account of the
presence of lactic and acetic acid bacteria, as well as yeasts, their metabolites, and cell lysis’
products that occurred during fermentation [28].

For the antibacterial activity against S. aureus, the significant factors were the concen-
tration of tea (A) and the fermentation time (D), as the Pareto diagram in Figure 1a shows.

It is known that due to the production of post-biotics, FPs (including black tea sub-
strate) have shown antibacterial activity of an 12–30.2 mm inhibition zone against several
pathogens [29].
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(a) (b) 

Figure 1. Pareto diagram of the independent variables’ effect studied on (a) antibacterial capacity
against S. aureus strain and (b) antioxidant activity of FPs.

For the rest of the analysed responses, no validation of the model was achieved.
The ANOVA results from Table 4 showed the significant contributions for the con-

centration of tea (p = 0.004), the concentration of raisins, and for the fermentation time
(p = 0.019). Furthermore, this statistical model can be validated based on in the non-
significant lack of fit (p = 0.923) [30].

Table 4. Antioxidant activity based on the ANOVA test.

Source DF Adj SS Adj MS F Value p Value

Pattern 7 0.001001 0.000143 8.38 0.006
Linear 6 0.000677 0.000113 6.61 0.013

Concentration of tea, g% 1 0.000308 0.000308 18.03 0.004
Sugar concentration, g% 1 0.000018 0.000018 1.03 0.343
Concentration of raisins, g% 1 0.000159 0.000159 9.30 0.019
Time of fermentation, days 1 0.000159 0.000159 9.30 0.019
Concentration of kombucha, g% 1 0.000002 0.000002 0.09 0.774
Concentration of water kefir granules, g% 1 0.000032 0.000032 1.89 0.211

Curvature 1 0.000324 0.000324 19.01 0.003
Error 7 0.000119 0.000017
Lack-of-Fit 5 0.000043 0.000009 0.22 0.923
Pure error 2 0.000077 0.000038
Total 14 0.001120

3.2. Optimisation of the Fermentation Process with Artisanal Co-Culture to Increase the FPs’
Functional Potential

The statistical results from the PBD allowed the selection of three important parameters:
tea concentration, raisin concentration, and fermentation time. The other factors, namely,
the concentration of SCOBY lyophilised culture (0.2%) and the concentration of WKG
lyophilised culture (0.2%) at 30 ◦C for 5 days of fermentation, remained constant.

The amount of inoculum, the amount of sugar and fruit added, the medium com-
position, the amount of oxygen, and the time and temperature of fermentation were also
mentioned as factors that determined the best fermentation of WKG and had an impact on
the composition and properties of the FP [28].

Table 5 presents the experimental matrix obtained by the Central Composite Design
(CCD) model that generated 20 experimental variants, with the corresponding analysed
responses: pH, titratable acidity, antioxidant activity, and antibacterial and antifungal
activities against the targeted strains.
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Table 5. CCD with the analysed responses correlating with the independent variables’ variation in
the RSM analysis.

Independent Variables Responses
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1 2.00 4.50 6.00 3.92 62.50 2.384 0.00 0.00 7.33 100.00
2 1.39 5.42 5.39 3.42 637.50 2.385 6.67 5.50 18.50 70.12
3 2.00 4.50 6.00 3.90 75.00 2.395 0.00 0.00 7.17 100.00
4 2.61 5.42 5.39 3.94 158.75 2.381 0.00 0.00 7.00 100.00
5 2.61 3.58 5.39 3.91 100.00 2.391 0.00 0.00 8.50 89.24
6 1.39 3.58 5.39 3.67 137.50 2.381 5.67 7.67 10.33 100.00
7 1.39 3.58 6.61 3.83 87.50 2.388 0.00 0.00 7.83 100.00
8 2.00 4.50 6.00 3.92 63.75 2.379 0.00 0.00 6.50 100.00
9 1.39 5.42 6.61 3.82 112.50 2.381 0.00 0.00 5.17 100.00

10 2.61 5.42 6.61 3.91 143.75 2.389 0.00 0.00 6.67 100.00
11 2.00 4.50 6.00 3.89 113.75 2.386 0.00 0.00 7.33 85.66
12 2.61 3.58 6.61 3.91 140.00 2.372 0.00 0.00 7.83 75.30
13 2.00 4.50 7.00 3.90 57.50 2.372 0.00 0.00 7.17 89.24
14 2.00 3.00 6.00 3.95 51.25 2.354 0.00 0.00 6.17 100.00
15 2.00 4.50 5.00 3.95 56.25 2.373 0.00 0.00 7.00 100.00
16 2.00 4.50 6.00 3.97 53.75 2.357 0.00 0.00 7.17 89.64
17 1.00 4.50 6.00 3.80 138.75 2.372 0.00 0.00 5.33 88.84
18 2.00 6.00 6.00 3.92 140.00 2.006 0.00 0.00 8.00 100.00
19 2.00 4.50 6.00 3.92 112.50 2.375 0.00 0.00 8.50 100.00
20 3.00 4.50 6.00 3.92 87.50 2.372 0.00 0.00 7.83 100.00

* A—black tea’s concentration, % (w/v); C—raisins’ concentration, % (w/v); F—fermentation time, days.

Following the statistical analysis of the obtained results, two mathematical models, for
pH and total acidity, were validated, with a probability value of 0.003, thus highlighting
the factors with a significant interaction for each validated response (Table 6).

Table 6. Validation of the interaction of significant independent variables.

Response Variables with Significant Interaction p Value

pH 1. Black tea’s concentration, g%, and Fermentation time, days 0.003

Total acidity, ◦Th
1. Black tea’s concentration, g%, and Raisins’ concentration, g% 0.013
2. Black tea’s concentration, g%, and Time of fermentation, days 0.003
3. Raisins’ concentration, g%, and Time of fermentation, days 0.006

The interactions between the variables, as well as their impact on the response, can be
visualised in the contour and surface graphs (Figure 2a–c), which highlight the correlation
between the tea concentration, the fermentation time, the concentration of raisins, and the
responses obtained for the validated models.
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Figure 2. Contour graphs (left) and surface graphs (right) for correlative effect of the significant
variables on pH (a) and total acidity (b,c).

Analysing the above graphs, the acidification potential increased when increasing the
concentration of raisins and decreasing the concentration of tea and the time of fermentation.

According to the CCD experimental data, the following values for the analysed re-
sponses were obtained: 3.42–3.97 for pH, 51.25–637.5 ◦Th, 2.006–2.395 μM TE/mL for
the antioxidant potential, 0–6.67 mm antibacterial activity inhibition zone against E. coli,
0–7.67 mm against S. aureus, 5.17–18.5 mm against B. subtilis, and 70.12–100% inhibition for
antifungal activity against A. niger.
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Following the analysis of the validated models and the significant factors, an optimised
FP with an increased bioactive activity was designed by the formulated medium based on
3.52% (w/v) raisins, 1.0% (w/v) black tea, and 5% (w/v) sugar, inoculated with 0.2% (w/v)
WKG lyophilised culture and 0.2% (w/v) SCOBY lyophilised culture co-fermentation at
30 ◦C, for 5 days, under stationary aerobic conditions.

The validation models for pH and total acidity (titratable acidity) were then analysed.
The experimental values ranged between the predicted values for a 95% confidence level.
Also, the desirability of the model was 0.901, close to 1, which indicates that by following the
chosen parameters favourable results for the analysed responses can be achieved (Table 7).

Table 7. Validation of the models.

Response 95% Confidence Level Range Experimental Value

pH 3.30–3.70 3.30 ± 0.01
Titratable acidity 55.5–444.6 375.83 ± 0.02

Desirability of the model 0.901

The FP obtained in optimised conditions was characterised by a high acidity of 375.83
◦Th and a low pH of 3.30 compared to the control (unfermented sample), which had
an acidity potential of 9.27 ◦Th and a pH value of 4.69. Also, the control showed no
antibacterial activity for the antifungal inhibition calculated with a ratio of 2.68%. Therefore,
the antioxidant activity was higher (2.507 μM TE/mL) due to the polyphenols from the
tea. The analysis of the validated models showed that the optimisation of bio-processes
improved the FPs’ acidification capacity.

3.3. Organic Acids and Polyphenols Content in the Optimised FP
3.3.1. Organic Acids Content

Using the high-performance liquid chromatography technique, the compounds present
in the unfermented medium (control) and the fermented one were quantified (Table 8).

Table 8. Content of organic acids in FP vs. unfermented medium.

Organic Acid
Concentration

Unfermented Medium, mg/mL Fermented Product, mg/mL

Acetic acid 4.34 ± 0.01 B 8.72 ± 0.12 A

Butyric acid 37.90 ± 0.42 B 45.81 ± 0.17 A

Isovaleric acid ND * 0.88 ± 0.12 A

A,B—significant differences in the obtained values compared to the control (p < 0.05). * ND—not determined.

Due to the symbiosis between yeasts and lactic acid bacteria, the development of the
homopolysaccharide matrix from WKG and organic acid production were achieved. In
this regard, yeasts helped bacteria by providing nitrogen as simple assimilable compounds
(dipeptides, tripeptides and amino acids) through their proteolytic activity. Also, the carbon
source had a key signification in the fermentative capacity of the WKG [25]. The association
and competition between the bacteria and yeasts in kombucha were unique, leading to
chained reactions from various metabolites, including up to 6.4 g/L in acetic and lactic
acids, and up to 0.5 g/L in citric, gluconic, malic, and succinic acids [31]. The consortium
members’ cooperative association is well established. Less than 30% of the consortium is
made of lactic acid bacteria strains, which are recognised for producing both lactic and also
gluconic acids, which contribute to the antibacterial and antioxidant characteristics of the
FP [32].

Among the identified short-chain fatty acids, acetic acid is characteristic for SCOBY
fermentation, also being produced in small amounts as a postbiotic of the WKG consortium.
As such, the acetic acid concentration increased from 4.34 mg/mL to 8.72 mg/mL. Butyric
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acid is not frequently found in kombucha-based drinks, but still its presence may occur,
as Uţoiu et al., 2018 reported; after 5 days of fermentation, 0.14 g/L butyric acid was
determined [33], compared to the present study, where the amount of butyric acid increased
from 37.90 mg/mL to 45.81 mg/mL. Isovaleric acid is a volatile compound that contributes
to the flavour of the FP, being the result of the interaction between acetic acid bacteria
and yeasts (e.g., Acetobacter indonesiensis with Brettanomyces bruxellensis). The literature
highlighted a concentration of up to 0.007 mg/mL; instead, the present study reported an
amount of 0.88 mg/mL in the FP.

Previously, in an FP obtained by co-fermentation with milk kefir grains and SCOBY,
some organic acids such as lactic acid, acetic acid, citric acid, isovaleric acid, and bu-
tyric acid, which presented the following concentrations, respectively, of 24.39 mg/mL,
25.21 mg/mL, 5.77 mg/mL, 4.36 mg/mL, and 67.33 mg/mL, were synthesised by the arti-
sanal cultures [12]. Therefore, the lactic and citric acids were not identified in the optimised
fermented product’s composition obtained by fermentation of the formulated medium
with a multiple starter culture, based on WKG and SCOBY microbiota; the result can be
attributed to the synergistic functionality of the consortia in tested conditions, in correlation
with the chemical composition of the fermentation substrate.

3.3.2. Content of Polyphenols and Flavonoids

The major bioactive compounds identified in the product obtained in optimised
conditions were caffeic acid, 255.64 μg/mL; rutin trihydrate, 568.93 μg/mL; and epicat-
echin, 1135.69 μg/mL, whereas the caffeic acid was found in a lower concentration in
the control, respectively, 16.80 μg/mL, this bioactive compound being specific to black
tea (Table 9). Gallic acid and isorhamnetin, ferulic, and chlorogenic acids were present in
smaller concentrations. Some compounds have been identified by Vázquez-Cabral et al.,
2017, in a kombucha beverage, e.g., myricetin, 0.184 mg/L; gallic acid, 54.396 mg/L; caffeic
acid, 16.213 mg/L; chlorogenic acid, 0.539 mg/L; epicatechin, 142.62 mg/L; and rutin,
4.245 mg/L. Our experimental data were confirmed by other results from similar works,
that reported, in a fermented product with WKG, compounds such as chlorogenic acid,
caffeic acid, tannins, vitamins C and D, glucosides, and various enzymes including lipase,
amylase, and protease [34].

Table 9. Content of bioactive compounds in the FP vs. unfermented medium.

Bioactive Compound
Unfermented Medium,

μg/mL
Fermented Product,

μg/mL

Gallic acid ND 39.68 ± 2.56 a

Caffeic acid 16.80 ± 0.02 b 255.64 ± 54.77 a

Chlorogenic acid 2 ± 0.00 a 0.25 ± 0.02 b

Ferulic acid ND 0.36 ± 0.00 a

Rutin trihydrate ND 568.92 ± 50.06 a

Epicatechin ND 1135.59 ± 44.76 a

Isorhamnetin ND 11.04 ± 0.96 a

The results are expressed as mean ± standard deviation. Values with different superscript letters in the same row
indicate significant differences between samples (p < 0.05). a, b—significant differences between the control and
fermented sample.

Previously, in our research regarding co-fermentation with SCOBY and milk kefir
grains, in the sample obtained under optimised conditions, several compounds were
quantified: gallic acid ∼= 71 μg/mL, epicatechin ∼= 1063 μg/mL, caffeic acid ∼= 315 μg/mL,
quercetin ∼= 18 μg/mL, apigenin ∼= 0.22 μg/mL, and isorhamnetin ∼= 3 μg/mL [12].

Following the statistical and mathematical modelling analysis, an FP with improved
bioactive properties was obtained. In the tested biotechnological conditions, the main
independent variables with an influence on the quality of the FP turned out to be the
concentration of tea, the fermentation time, and the concentration of raisins. Thus, the
optimised fermentation conditions were: (i) composition of the medium: 3.52% (w/v)
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raisins, 1.0% (w/v) black tea, 5% (w/v) sugar in sterilised tap water; (ii) inoculum: 0.2%
(w/v) lyophilised culture of WKG and 0.2% (w/v) lyophilised culture of SCOBY; and
(iii) fermentation process: aerobic conditions, in a stationary system, at a temperature of
30 ◦C, for 5 days.

According to these biotechnological conditions, the obtained FP presented a high
acidity potential of 375.83 ◦Th, and a 3.25 pH value. The organic acids were also high-
lighted in different concentrations; acetic—8.72 mg/mL, butyric—45.81 mg/mL, isovaleric—
0.88 mg/mL, respectively; polyphenolic compounds such as phenolic acids: caffeic—
255.64 μg/mL, gallic—39.68 μg/mL, ferulic—0.36 μg/mL, and chlorogenic—0.25 μg/mL;
and flavonoids derived from quercetin: rutin trihydrate—568.93 μg/mL, isorhamnetin—
11.94 μg/mL, and epicatechin—1135.69 μg/mL. The presence of these compounds demon-
strates the functional potential of the FP.

4. Conclusions

The obtained results confirmed the possibility of using multiple SCOBY and WKG
starter cultures to ferment a newly formulated black tea, raisin, and sugar-based medium to
improve the postbiotic composition of the FP. The variant of FP with the increased bioactive
potential was obtained following statistical techniques for the selection of the parameters
(independent variables) and the optimisation of the process. The analysed responses
demonstrated the ability of the bacteria and yeasts from the SCOBY and WKG microbiome
to work in symbiosis. The preservation and usage of the artisanal cultures as freeze-dried
cultures ensured the stability of the strain’s functionality. This study demonstrated the
versatile metabolism and synergism of the wild microorganisms (bacteria and yeasts) from
the multiple consortia. The idea of using these artisanal cultures for the co-fermentation of
the unconventional substrates demonstrated their employment for multiple applications.
Thus, by variation of the fermentation parameters and exploitation of PBD and CCD tools
it is possible to obtain FPs with different compositions and bioactive properties to be used
as ingredients for food and feed formulation.
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Abstract: In this research, the potential anti-obesity efficacy of Lactobacillus rhamnosus BST-L.601 and
its fermented product (named SPY) with mashed sweet potato paste were investigated using 3T3-L1
preadipocytes and high-fat diet (HD)-induced obese mice. SPY (0–0.5 mg/mL) dose-dependently
and significantly reduced lipid accumulation and TG content and the expression of adipogenic
markers (C/EBPα, PPAR-γ, and aP2) and fatty acid synthetic pathway proteins (ACC and FAS) in
3T3-L1 adipocytes, demonstrating that SPY suppresses adipocyte differentiation and lipogenesis.
Oral administration of SPY (4 × 107 CFU/kg body weight) to HD-induced obese mice for 12 weeks
significantly reduced the body and liver weight, the size of adipocytes, and the weight of epididymal,
visceral, and subcutaneous fat tissues. SPY was more effective in decreasing body weight gain in
HD mice than in treatment with BST-L.601 alone. Administration of SPY or BST-L.601 also reduced
the serum level of total cholesterol and LDL cholesterol and leptin secretion at a similar level. These
results revealed that both SPY and BST-L.601 effectively suppress HD-induced adipogenesis and
lipogenesis, suggesting that these materials would be useful in the functional foods industry to
ameliorate and/or prevent obesity.

Keywords: Lactobacillus rhamnosus; probiotics; prebiotics; fermented sweet potato; anti-obesity

1. Introduction

Obesity, one of the major metabolic diseases, is being magnified as a worldwide health
problem related to various fatal diseases such as cardiac dysfunction, diabetes, hyper-
tension, osteoarthritis, and cancer [1]. Recently, the incidence rate of obesity has rapidly
increased, as reported by the OECD in 2017. Moreover, a serious problem with this situation
is childhood obesity, with an estimated 15.5% of OECD infants being obese [2]. Obesity
is defined as an abnormal accumulation of body fat, resulting in excessive expansion and
growth of adipose tissue due to an imbalance between energy intake and expenditure [3].
The development of obesity is defined by an increased adipose tissue mass that can be
driven by either an unusually larger number or expanded fat cells (adipocytes) [4]. The
expanded size of adipocytes (hypertrophy) is predominantly attributed to the accumulation
of lipids (lipogenesis), and the increased cell number of adipocytes (hyperplasia) leads
to the proliferation and differentiation of adipocyte precursor cells to mature adipocytes,
which is a cellular process called adipogenesis [4]. Therefore, the mass of adipose tissue
can be controlled by inhibiting adipogenesis, reducing the accumulation of lipids, im-
proving lipolysis, and/or guiding the apoptotic death of adipose cells [5]. During the
differentiation of adipocytes, several adipogenic transcription factors such as sterol regula-
tory element-binding protein-1c (SREBP-1c), peroxisome proliferator-activator receptor-γ
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(PPAR-γ), and CCAAT/enhancer binding protein-α (C/EBPα), are essential regulators
of adipogenesis. The expression of C/EBPα, PPAR-γ, and several lipogenic enzymes,
including fatty acid synthase (FAS) and acetyl-CoA carboxylase (ACC), is stimulated by
SREBP-1c products [4,6]. Activation of lipogenic enzymes converts acetyl-CoA to fatty
acids and triglycerides and induces tissue uptake into plasma [7].

To solve the obesity issue, studies on how to change the intestinal microbiome com-
position with probiotics such as Lactobacillus have been conducted in recent decades [8].
These results suggested that when the composition of the intestinal microbiome is changed,
intestinal microorganisms (mainly lactic acid bacteria, LAB) influence energy consumption
and lipid accumulation; thus, microorganisms of human intestines are useful for obesity
control [9]. It was also reported that the composition of the intestinal microbial community
was adjusted through oral administration of probiotics to induce obesity suppression, and
the ingestion of LAB caused a change in the human intestinal microbial community, espe-
cially Lactobacillus species, for a long period of time, which could be different from obese
people [10]. Probiotic strains, especially Lactobacillus genera, have proven anti-obesity ef-
fects by reducing fat mass and body weight [11]. The anti-obesity efficacy of probiotics can
be demonstrated by increasing satiety and lowering insulin resistance [12]. As it has been
recently suggested that intestinal microbes could cause obesity, the anti-obesity effect of
controlling intestinal microbes through probiotics is being studied [13]. These mechanisms
include modifying the composition of the gut microflora, improving barrier integrity in the
intestine, producing beneficial metabolites, and regulating the host immune system [14].

Meanwhile, studies on obesity suppression using prebiotics along with probiotics
have been conducted [15]. Prebiotics are indigestible, fermentable raw materials that
can promote the proliferation of beneficial gut bacteria, or they are “A substrate that is
selectively utilized by host microorganisms conferring a health benefit”, as suggested by
the International Scientific Association for Probiotics and Prebiotics [16]. Nondigestible
polysaccharides, such as inulin, galacto-oligosaccharides (GOS), fructo-oligosaccharides
(FOS), lactulose, and resistant starch (RS), are recognized as prebiotics [17]. Prebiotics
suppresses the proliferation of harmful bacteria and encourages the growth of healthful
bacteria, such as Lactobacilli, to promote the production of short-chain fatty acids (SCFAs)
such as acetate, butyrate, and propionate [18]. Among others, resistant starch is one of
the fractions thoroughly or partly fermented in the large intestine but cannot be digested
in the small intestine of robust people. Suppressing the glycemic response, working as
healthy probiotics, lowering cholesterol levels, and boosting the generation of SCFAs in
the large intestine is reported as a function of resistant starch [19]. Sweet potato is a good
and appropriate resource for the supplement of resistant starch [20]. It was demonstrated
that the anti-obesity effects of the gut microbiome are related to lactic acid bacteria [21],
and the dietary fiber of sweet potato helps the gut microflora profile in a healthy way [22].
Indeed, the possible correlation between probiotics and obesity has been studied by several
researchers, suggesting that a particular phylum or probiotic species can regulate energy
metabolism [23]. Lactobacillus is known to induce the degradation (fermentation) of
indigestible complex polysaccharides and to promote the efficiency of metabolism in our
body. In previous studies, models based on these features proved that these two LAB
have remarkable anti-obesity effects [24]. Among LAB, Lactobacillus rhamnosus is a strain
of Lactobacillus species that are regarded as GRAS strains (generally regarded as safe). In
this context, it would be quite probable to obtain a synergistic outcome with enhanced
biological activities, such as anti-obesity activity, of Lactobacillus probiotics by using sweet
potato as a source of prebiotics simultaneously [25].

To address this hypothesis and to develop a new or better probiotic and/or probiotic-
prebiotic combined composition for healthy functional food ingredient or a remedial agent to
treat or prevent obesity, The purpose of this study is to compare and make an evaluation of the
potential anti-obesity effects of a newly isolated probiotic strain,
Lactobacillus rhamnosus BST-L.601 (deposited in KCTC under accession number KCTC13517BP),
and the fermented product (named SPY) of mashed sweet potato paste (MSPP) with this
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strain, using 3T3-L1 preadipocyte cells and a high-fat diet (HD)-induced obese C57BL/6
mouse model.

2. Materials and Methods

2.1. Materials

Dulbecco’s modified Eagle’s medium (DMEM), fetal bovine serum (FBS), and Dul-
becco’s phosphate-buffered saline (DPBS) were purchased from Welgene (Gyeongsan,
Republic of Korea). Trypsin-ethylenediaminetetraacetic acid (EDTA) and penicillin and
streptomycin were purchased from Gibco-BRL (Grand Island, NY, USA). Isobutylmethylx-
anthine (IBMX), dexamethasone, insulin, Oil red O, and dimethyl sulfoxide (DMSO) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The murine 3T3-L1 preadipocyte cell
line (ATCC® CL-173™) was provided by the American Type Culture Collection (Manassas,
VA, USA). 3-(4,5-Dimethylthiazolyl)-diphenyl tetrazoliumbromide (MTT) was obtained
from DUCHEPA Biochemie (Haarlem, The Netherlands). Antibodies specific to β-actin,
CCAAT/enhancer binding protein-α (C/EBPα), peroxisome proliferator-activated receptor-
γ (PPAR-γ), adipocyte protein 2 (aP2), fatty acid synthase (FAS), acetyl-CoA carboxylase
(ACC) and anti-rabbit IgG-HRP were purchased from Cell Signaling Technology (Danvers,
MA, USA). Primers specific to β-actin, PPAR-γ, aP2, FAS, and ACC were purchased from
Cosmo Genetech (Seoul, Republic of Korea).

2.2. Preparation of Lactobacillus rhamnosus BST-L.601 and Mashed Sweet Potato Medium

Lactobacillus rhamnosus BST-L.601 was isolated and identified from the stool of 20
randomly selected Korean people. Human stools were dissolved in germ-free PBS (pH
7.4) with a decimal method, inoculated into De Man, Rogosa, and Sharpe (MRS) agar
broth (Becton-Dickinson, Franklin Lakes, NJ, USA), and cultured at 37 ◦C under anaerobic
conditions for 24 to 48 h. After cultivation, the largest colonies were selected, inoculated
into MRS broth medium, and cultured at 37 ◦C under anaerobic and static conditions for
24 to 48 h. From the culture broth showing confluent growth with over 1.0 absorbance at
600 nm, strains were selected and inoculated into skim milk medium (Becton-Dickinson,
Franklin Lakes, NJ, USA). The strains showing smooth curd formation were selected and
smeared again onto the skim milk agar medium. Finally, a single strain was isolated from
a single largest colony. This strain was identified as a strain of L. rhamnosus by analyzing
the 16S rRNA sequence and deposited in KCTC under accession number KCTC 13517 BP
(Korea Patent No. 10-2020-0012236).

A fermented sample (SPY) was prepared by fermentation of mashed sweet potato paste
(MSPP) with L. rhamnosus BST-L.601. Sweet potato paste was prepared using domestic
sweet potato cultivated and collected in Kangwon Province, Republic of Korea. After
washing the sweet potatoes, the skin of the sweet potatoes was removed, cut randomly into
smaller chips, and finely ground with equal amounts (by weight) of water using a grinder
(HR3752/00, Philips, The Netherlands) to make the mashed sweet potato paste (MSPP).
Yeast extract (20 g/L, Becton-Dickinson, Franklin Lakes, NJ, USA) was blended with MSPP,
and the mixture was finely ground at 10,000 rpm for 10 min using a homogenizer (Daihan
Scientific, Wonju, Republic of Korea). The pH of MSPP was adjusted from 6.5 to 8.0 using
1 M HCl before sterilization (15 min, 121 ◦C), and 40 g/L glucose solution was fortified
to the paste after sterilization. L. rhamnosus BST-L.601 (1 × 106) CFU was inoculated into
sweet potato paste with 40 g/L glucose solution to 10% (v/v) and fermented at 37 ◦C for
3 days. Additional fermentation was performed at 4 ◦C for 3 additional days after the
first fermentation.

2.3. Cell Culture and Differentiation of Pre-Adipocytes

Murine 3T3-L1 preadipocyte cells (ATCC® CL173) were cultured in preadipocyte
medium [PM; a mixture of Dulbecco’s modified Eagle medium (DMEM) added with 10%
fetal bovine serum (FBS)] and a 1% penicillin–streptomycin mixture at 37 ◦C in a humidi-
fied atmosphere of 5% CO2 until reaching approximately 90% confluence. Unless stated
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otherwise, preadipocytes were seeded onto 6-well plates at a density of 24,000 cells/well
and cultured until 80% confluence was reached. The differentiation of 3T3-L1 preadipocyte
cells into mature adipocytes was achieved by culturing cells in differentiation media I
[DMEM, 10% FBS, 1 mM dexamethasone, 0.5 mM 3-isobutyl-1-methylxanthine (IBMX),
and 10 μg/mL insulin] and differentiation media II [DMEM, 10% fetal bovine serum (FBS),
and 10 μg/mL insulin] for 48 h. After that, adipocytes were cultured in DMEM with 10%
FBS for original growth and subcultured every 48 h until use.

2.4. Cell Viability Determination

Whether L. rhamnosus BST-L.601 and SPY are toxic to 3T3-L1 preadipocyte cells and
differentiated mature adipocyte cells was assessed by measuring cell viability using an
MTT assay. Cells were exposed to increasing concentrations of each sample (L.601 or SPY).
3T3-L1 preadipocytes (4000 cells/well) were cultured in 96-well plates with SPY at various
concentrations (0.05, 0.1, 0.25, and 0.5 mg/mL) dissolved in PM culture medium at 37 ◦C in
a humidified atmosphere of 5% CO2 for 48 h. Cell viability was determined by the addition
of 50 mL MTT solution (1 mg/mL in phosphate-buffered saline; PBS) to each well and
incubation at 37 ◦C for 4 h. After the culture medium is removed, DMSO was added to
each well and incubated at room temperature for 30 min. Absorbance was measured at
570 nm on a microplate reader (Molecular Devices, Seoul, Republic of Korea).

2.5. Oil Red O Staining

To examine the effect of SPY on differentiation and lipogenesis, cells were cultured
in MDI differentiation medium in 6-well plates, treated with SPY for 8 days, and stained
with Oil red O dye. After incubation, cells were washed gently with PBS, fixed with 4%
paraformaldehyde for 30 min at room temperature, rinsed with PBS, and then stained with
freshly prepared 0.5% (w/v) Oil red O solution at 37 ◦C for 1 h. The stained cells were
photographed using an inverted microscope (X100, Olympus, Tokyo, Japan) to visualize
lipid droplets. To determine the lipid content, the retained dye in adipocytes was extracted
with 100% isopropanol and quantified at 517 nm using a microplate reader. Compared to
the control, the relative lipid content of each sample was expressed.

The intracellular TG contents were verified by a Cayman Chemical Triglyceride Assay
kit (Ann Arbor, MI, USA), as a method of the manufacturer’s instructions. Differentiated
adipocytes (Day 8) were treated with increasing amounts of SPY (0.05, 0.1, 0.25, and
0.5 mg/mL) in 6-well plates. The cells were washed and scraped with 200 mL of PBS, and
homogenized by sonication for 2 min. Total TG in cell lysates was assayed after that.

2.6. Total RNA Preparation and Reverse Transcription-Polymerase Chain Reaction (RT–PCR)

To determine the mRNA expression levels of inducible FAS, ACC, PPAR-γ, and aP2,
total RNA from SPY-treated cells was prepared using a total RNA extraction kit (Intron
Biotechnology, Republic Korea). RT-PCR was performed using the One-step RT–PCR Pre-
Mix kit (Intron Biotechnology, Seongnam-si, Republic of Korea) with appropriate sense and
antisense primers for FAS (sense 5′-CGGCTGCAGGTGGTCGATAGG-3′ and antisense 5′-
TGTAGGGGTTGCCGCAATGTC-3′), PPAR-γ (sense 5′-GTCTGTGGGGATAAAGCATC-3′
and antisense 5′- CTGATGGCATTGTGAGACAT-3′), ACC (sense 5′-GAAGAGAACAAAA
GCGACATG-3′ and antisense 5′-AATGGCTGATAGGAAGATAGA-3′), and β-actin (sense
5’-AGG+TATCCTGACCCTGAAGTACC-3’ and antisense 5’-GTTGCCAATAGTGATGACC
TGGC-3’). Primers were amplified under incubation conditions of 95 ◦C predenaturation
for 5 min and 30 cycles of 95 ◦C denaturation for 30 s, 58 ◦C annealing for 30 s, 72 ◦C
extension for 40 s, and a final elongation step for 10 min at 72 ◦C. The products obtained by
RT-PCR were separated on a 1.5% agarose gel and stained with ethidium bromide. The gels
were then viewed under UV transillumination, and the relative levels of mRNA against
β-actin were quantified using ImageJ software from NIH (Bethesda, MD, USA).
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2.7. Western Blot Analysis

To determine the expression level of adipogenic-related proteins, western blot analysis
was performed using the lysates from 3T3-L1 adipocytes cultured in a differentiation
medium within or without SPY for 8 days. On Day 8, PBS buffer was used to wash the cells.
Cold lysis buffer (pH 7.4) containing 20 mM Tris-HCl, 150 mM NaCl, 1 mM Na2EDTA,
1 mM EGTA, 1% NP-40, 1% sodium deoxycholate, 2.5 mM sodium pyrophosphate, 1 mM β-
glycerophosphate, 1 mM Na3VO4, and 1 mg/mL leupeptin was used to resuspend the cells.
The cell lysates were centrifuged at 17,700× g and 4 ◦C for 10 min. The Bradford method
(Bio-Rad, Hercules, GA, USA) was applied to determine the protein concentrations. An
equal quantity of protein was divided on a 10% SDS-polyacrylamide gel and transferred to
PVDF membranes (Bio-Rad, USA). Tris-buffered saline (TBS, pH 7.4) containing 5% nonfat
dry milk was used to block the membrane, and primary anti-mouse FAS, aP2, PPAR-γ,
and ACC antibodies were incubated with the blocked membrane overnight at 4 ◦C. The
membranes were incubated with anti-mouse IgG-HRP (Cell Signaling Technology) for 2 h
at room temperature after washing blocked membranes with TBS containing 0.1% Tween 20.
Protein bands were visualized through the ECL system (ABclon, Seoul, Republic of Korea).
The ImageJ Program (National Institute of Health, Bethesda, MD, USA) was utilized to
quantify the band intensities and to normalize the levels of PPAR-γ, aP2, FAS, and ACC
compared to β-actin.

2.8. Animal Care and Diets

The Catholic University of Korea approved the animal protocols followed in the
present research (Approval Number: 2019-019). Male C57BL/6 mice purchased from
Orient Bio Inc. (Gyeonggi-do, Republic of Korea) were kept under controlled temperatures
(22–23 ◦C) on a 12/12-h light-dark cycle. After the acclimatization period, the male C57BL/6
mice were divided into seven groups (n = 8 in each group) and given a normal diet (ND)
or high-fat diet (HD) with the indicated doses of samples for 12 weeks, normal diet
control group (2018C, Envigo, Indianapolis, IN, USA, 18% calories from fat); HD, high-fat
diet (TD.06414, Envigo, USA, 60.5% calories from fat); GAR, HD + 1% Garcinia cambogia
extract (100 mg/kg); SPY-L, HD + SPY (30 mg, 4 × 106 CFU/kg); SPY-H, HD + SPY
(300 mg, 4 × 107 CFU/kg); BST-L.601-L, HD + BST-L.601 (4 × 108 CFU/kg); BST-L.601-H,
HD + BST-L.601 (4 × 109 CFU/kg). Each dose of the sample was administered. The
Garcinia cambogia extract was used as a positive reference. Body weights were measured
every week. After 12 weeks of administration of SPY or L.601, the mice were fasted for
24 h and anesthetized with a mixture of alfaxalone (0.15 mL/25 g/mice) and xylazine
hydrochloride (0.01 mL/25 g/mice) before sacrifice. Blood serum, adipose tissues, and
liver were individually taken for further analyses.

2.9. Serum Biochemical Analysis

To collect blood samples, mice were fasted. Blood serum was collected by cardiac
puncture and stored at −80 ◦C before use. To determine levels of total cholesterol (Total-c),
high-density lipoprotein cholesterol (HDL-c), and low-density lipoprotein cholesterol (LDL-
c) in collected blood serum, LH-1500 Automatic Analyzer (LH-1500, Incheon, Republic of
Korea) was utilized.

2.10. Chemical Composition Analysis

The general chemical composition, total carbohydrate, protein, polyphenols, and
caffeic acid, in the mashed sweet potato paste (MSPP) powder and SPY (the fermented
MSPP with BST-L.601), were determined and compared. Total carbohydrate was measured
by the phenol-sulfuric acid method at 490 nm using glucose as a reference [26]. Bradford
method was operated to quantify total protein and BSA was used as a standard for Bradford
method at 595 nm [27]. Total polyphenols were determined by the Folin-Ciocalteu reagent
method using gallic acid as a reference at 750 nm [28]. Each powder sample was blended
with distilled water to make a 1.0% (w/v) solution (10 mg/mL) for 1 h using a nutator mixer
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(FinePCR, Gunpo-si, Republic of Korea) while homogenizing with a sonicator (Branson,
MO, USA) by 1 min sonication and 5 min cooling on ice-cold water. The sonication was
repeated 10 times. After sonication, each suspension was diluted with distilled water to an
appropriate concentration for analysis. The detection and quantification of the amount of
caffeic acid in SPY and MSPP were performed by using an HPLC system equipped with a
UV detector (1260 Infinity II, Agilent, Santa Clara, CA, USA). Samples were dissolved in
methanol, fractionated on an XDB-C18 column (150 × 4.6 mm, 5 μm column, Agilent), and
eluted at 1.0 mL/min in gradient mode with a mobile phase composed of water (pH 3.15
by formic acid) and acetonitrile.

2.11. Statistical Analysis

The results were shown in the means ± SDs for each treatment group in each experi-
ment. Statistical analysis was carried out by using the Statistical Analysis System software
package (SAS Institute, Cary, NC, USA). Significance was determined by a one-way analysis
of variance, followed by Dunnett’s range test for multiple comparisons, and data were
analyzed using the SAS package program (SAS Institute Inc., Cary, NC, USA). Data were
considered to be different at p < 0.05.

3. Results

3.1. Effects of SPY and BST-L.601 on the Viability of 3T3-L1 Pre-Adipocytes

To determine whether SPY and BST-L.601 are detrimental to 3T3-L1 preadipocytes, cell
survival was evaluated by MTT assay with exposure to increasing doses of SPY (0.025, 0.05,
0.1, 0.25, and 0.5 mg/mL) containing BST-L.601 (2.5 × 107, 5 × 107, 1 × 108, 2 × 108, and
4 × 108 CFU/mL, respectively) (Figure 1A) or BST-L.601 (Figure 1B) for 24 h. As shown in
Figure 1, both SPY (Figure 1A) and BST-L.601 (Figure 1B) were not significantly toxic to the
growth of 3T3-L1 preadipocytes in the concentration range tested (up to 0.5 mg/mL for
SPY and 4 × 108 CFU/mL for BST-L.601).

Figure 1. Effects of SPY and BST-L.601 on the viability of 3T3-L1 preadipocyte cells. Cytotoxicity of
(A) SPY and (B) BST-L.601 was assessed by measuring cell viability using the MTT assay after 24 h
of exposure to (A) SPY (0.025, 0.05, 0.1, 0.25, and 0.5 mg/mL) or (B) BST-L.601 (2.5 × 107, 5 × 107,
1 × 108, 2 × 108, and 4 × 108 CFU/mL). The data were expressed as a percentage normalized to
sample-untreated control cells (Con). Values are the means ± SDs (n = 8). Values with different
superscripts are significantly different among the groups by one-way ANOVA with Dunnett’s
multiple comparison test at ** p < 0.01; *** p < 0.001, compared to the Control group.

3.2. Effects of SPY on Adipocyte Differentiation

To assess the efficacy of SPY on inhibiting lipid accumulation, 3T3-L1 preadipocytes
were exposed to varying levels of SPY for 8 days, and lipids in adipocytes were stained with
Oil red O dye. Figure 2A, the representative images of Oil red O staining, shows that the
undifferentiated control cells (UC) were not stained with dye, but huge numbers of stained
spots (pink-colored) appeared in the differentiated control cells (Con). This indicates the
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preadipocytes were differentiated into mature adipocytes, actively synthesizing lipids
(Figure 2A). However, these promoted lipids were substantially decreased by SPY (0.05,
0.1, 0.25, and 0.5 mg/mL) in a dose-dependent manner by 19.3%, 25.5%, 28.6%, and 47.4%,
respectively, compared to the differentiated control cells (Con, 100%), showing that SPY
effectively inhibited the differentiation of adipocyte cells (Figure 2A,B). Moreover, the
markedly increased intracellular triglyceride (TG) contents in differentiating adipocytes
(Con, 100%) were also effectively reduced to 23.2%, 28.8%, 33.3%, and 50.7% upon SPY
(0.05, 0.1, 0.25, and 0.5 mg/mL) exposure (Figure 2C), indicating that SPY inhibited lipid
accumulation, especially TG, during adipocyte differentiation.

Figure 2. Effects of SPY on lipid accumulation and TG content in differentiating 3T3-L1 cells. Cells
were cultured in an MDI differentiation medium and treated with varying concentrations of SPY
(0.05, 0.1, 0.25, and 0.5 mg/mL) for 8 days. (A) Lipid droplets generated were stained with Oil
red O dye and visualized under a microscope (×100). (B) Stained lipid droplets were solubilized
with isopropanol and quantified at 517 nm on a microplate reader. (C) Intracellular triglyceride
(TG) contents were measured using a triglyceride assay kit. Data are expressed as the means ± SDs
(n = 3). Values with different superscripts are significantly different among the groups by one-way
ANOVA with Dunnett’s multiple comparison test at *** p < 0.001 compared to the Control group. UC,
undifferentiated normal control cells; Con, sample-untreated differentiated control cells.

3.3. Inhibitory Effect of SPY on Differentiation and Lipogenesis-Related Protein Expression in
3T3-L1 Cells

Throughout adipogenesis, factors and proteins related to adipocytes such as C/EBPα,
PPAR-γ, and aP2 are expressed [23]. C/EBPα and PPAR-γ stimulate the expression of li-
pogenic enzymes similar to FAS and ACC in various ways during
adipogenesis [16,24]. To determine the effects of SPY on the expression of these adipogenic
and lipogenic marker proteins, 3T3-L1 cells were cultured in an MDI differentiation medium
for 8 days with the indicated concentration of SPY. Western blot analysis showed SPY treat-
ment (0.05, 0.1, 0.25, and 0.5 mg/mL) resulted in predominant inhibition in the expression
of these proteins (Figure 3). SPY (0.5 mg/mL) considerably inhibited the protein levels
of PPAR-γ by 48.4% (Figure 3A,B), C/EBPα by 73.7% (Figure 3A,C), and aP2 by 75.7%
(Figure 3A,D) when it is compared with the differentiated, Sample-untreated control cells
(Con, 100%). SPY treatment (0.5 mg/mL) also significantly inhibited the expression of ACC
by 50.0% (Figure 3E,F) and FAS by 80.9% (Figure 3E,G) compared to the differentiated but
SPY-untreated group (Con, 100%). These results proved SPY effectively suppressed the dif-
ferentiation of preadipocytes through the downregulation of diverse adipogenesis-specific
transcription factors and lipogenesis marker proteins.
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Figure 3. Inhibitory effect of SPY on differentiation and lipogenesis-related protein expression in
3T3-L1 adipocytes. (A) and (E) 3T3-L1 cells were cultured in MDI differentiation medium for 8 days
with increasing concentrations of SPY (0.05, 0.1, 0.25, and 0.5 mg/mL), and cell lysates were used
for Western blot analysis. The expression levels of (B) PPAR-γ, (C) C/EBPα, (D) aP2, (F) ACC, and
(G) FAS were quantified by ImageJ software. β-Actin was used as a loading control. Each data
point was expressed as the % of control cells (Con, 100%). Data are the means ± SDs (n = 3). Values
with different superscripts are significantly different among the groups by one-way ANOVA with
Dunnett’s multiple comparison test at * p < 0.05; ** p < 0.01; *** p < 0.001, compared to the Control
group. UC, undifferentiated control cells; Con, untreated sample, differentiated control cells.

3.4. Body and Organ Weight Changes of Mice Fed the Different Diets

C57BL/6 mice were fed a high-fat diet (HD) for 12 weeks and used as the HD-
induced obese model. Mice were randomly divided into 7 groups (n = 8): ND, normal diet
group; HD, high-fat diet (control); GAR, HD + 1% Garcinia cambogia extract-treated group
(100 mg/kg); SPY-L, HD + SPY (4 × 106 CFU/kg); SPY-H, HD + SPY (4 × 107 CFU/kg);
L.601-L, HD + BST-L.601 (4 × 108 CFU/kg); L.601-H, HD + BST-L.601 (4 × 109 CFU/kg).
Oral administration of diet for mice with or without doses of samples proceeded for
12 weeks, and the body weight of each mouse was checked once a week. As shown in
Figure 4B, HD-induced obese mice had an increased body weight by 48.0% after 12 weeks
of feeding, and the SPY-H group and L.601-H group had decreased body weight by 19.6%
and 14.8%, respectively, compared with the HD group. The relative weights of epididymal
fat, visceral fat, abdominal fat, and liver tissue in the HD group were higher than those in
the ND group (Table 1). The administration of SPY and BST-L.601 decreased the weight
of total fat tissues (epididymal, visceral and subcutaneous, and abdominal fat tissues) by
29.8% (SPY-H) and 25.4% (L.601-H), respectively (Table 1).

Table 1. Changes in organ and fat tissue weights.

Group ND HD GAR SPY− SPY− L.601− L.601−
Liver weight (g) 1.59 ± 0.17 1.93 ± 0.44 1.61 ± 0.16 1.71 ± 0.47 1.49 ± 0.19 * 1.52 ± 0.19 * 1.49 ± 0.17 *

Kidney weight (g) 0.45 ± 0.06 0.45 ± 0.04 0.48 ± 0.04 0.47 ± 0.08 0.49 ± 0.06 0.43 ± 0.06 0.48 ± 0.04
Spleen weight (g) 0.081 ± 0.016 0.083 ± 0.007 0.079 ± 0.012 0.078 ± 0.009 0.079 ± 0.007 0.072 ± 0.01 0.074 ± 0.012

Epididymis
fat tissue (g) 1.029 ± 0.26 *** 3.246 ± 0.55 3.151 ± 0.21 2.920 ± 0.24 2.725 ± 0.41 3.446 ± 0.14 2.533 ± 0.48 **

Visceral
fat tissue (g) 0.449 ± 0.11 *** 1.752 ± 0.17 1.394 ± 0.19 ** 1.480 ± 0.17 * 1.321 ± 0.12

*** 1.578 ± 0.33 1.240 ± 0.11 ***

Abdominal
fat tissue (g) 0.889 ± 0.19 *** 4.797 ± 0.37 3.512 ± 0.56 *** 3.855 ± 0.39 ** 3.035 ± 0.56

*** 3.849 ± 0.34 ** 3.373 ± 0.85 ***

Total fat (g) 2.48 ± 0.66 *** 10.14 ± 1.06 7.92 ± 0.67 ** 8.35 ± 0.62 * 7.12 ± 1.11 *** 8.50 ± 0.46 7.57 ± 1.93 ***

ND, normal diet; HD, high-fat diet; GAR, HD supplemented with Garcinia cambogia extract (10 mg/kg); SPY–LHD
supplemented with SPY (4 × 106 CFU/kg); SPY–H, HD supplemented with SPY (4 × 107 CFU/kg); L.601–L, HD
supplemented with BST-L.601 (4 × 108 CFU/kg); L.601–H, HD supplemented with BST-L.601 (4 × 109 CFU/kg).
L.601, L. rhamnosus BST.-L.601. Values are the means ± SDs (n = 8). Values with different superscripts are
significantly different among the groups by one-way ANOVA with Dunnett’s multiple comparison test at
* p < 0.05; ** p < 0.01; *** p < 0.001, compared to the HD group.
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3.5. SPY Prevents Hyperlipidemia in High-Fat Diet Mice

To assess the effects of SPY and BST-L.601 on the serum biochemical parameters in
HD-induced obese mice, total cholesterol (Total-c), high-density lipoprotein cholesterol
(HDL), low-density lipoprotein cholesterol (LDL), and leptin were analyzed by automated
analyzer after various diets were orally administered to HD-induced obese mice. SPY
(SPY-H) reduced the cholesterol and LDL levels by 27.9% and 32.6%, respectively, and
BST-L.601 (L.601-H) reduced cholesterol and LDL levels by 35.7% and 36.4%, respectively
(Figure 5A,C) compared with the HD group (100%). Oral administration of SPY and BST-
L.601 (L.601-H) increased the ratio of HDL/Total-c level by 21.9% and 8.3%, respectively
(Figure 5D). SPY also decreased the secretion of leptin, one of the hormones secreted from
visceral and subcutaneous adipose tissue. Leptin secretion was decreased in the SPY-H
group by 24.0% and in the L.601-H group by 27.8%, respectively (Figure 5E), when the
secretion of leptin in the HD group is set at 100%. These results indicated that SPY and
BST-L.601 effectively regulate cholesterol levels in blood serum.

Figure 4. Protocol for animal treatment and body weight change of mice fed the different diets.
(A) ND, normal diet; HD, high-fat diet; GAR, HD supplemented with Garcinia cambogia extract
(100 mg/kg); SPY−L, a high-fat diet supplemented with SPY (4 × 106 CFU/kg); SPY− H, HD supple-
mented with SPY (4 × 107 CFU/kg); L.601− L, HD supplemented with BST-L.601 (4 × 108 CFU/kg);
L.601− H, HD supplemented with BST-L.601 (4 × 109 CFU/kg). L.601, L. rhamnosus BST-L.601.
(B) Body weight change of mice fed the different diets. Mice were given their diets and indicated
doses of samples for 12 weeks, and the body weight was weighed every week. Values are the means
± SDs (n = 8).
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3.6. Effects of SPY and BST-L.601 on the Size and Numbers of Adipocytes in Liver and Epididymal
Fat Tissues

The increment of the mass and the number of adipocytes mainly depends on the
amount of lipids accumulated in the fat cells. Therefore, the size and number of adipocytes
accumulated in epididymal adipose tissue and liver tissue are habitually evaluated indi-
cators to assess the potential anti-obesity efficacy of ingredients [24]. To determine the
numbers and sizes of adipocytes in liver tissues and fat tissues, tissues were stained by
hematoxylin and eosin staining (H&E). Sections of epididymal adipose tissue of the HD
group revealed an increased number of expanded adipocytes (red-arrow) following H&E
staining is completed (Figure 6A). However, administration of SPY (SPY-H) and BST-L.601
(L.601-H) significantly reduced these enlarged cell sizes of adipocytes by 25.0% and 11.0%,
respectively, and the number of adipocytes per 1.48 μm2 was increased by 28.5% and 7.6%,
respectively (Figure 6B,C).

Figure 5. Effects of SPY and BST-L.601 on hyperlipidemia markers. The blood serum of HD-induced
obese mice was analyzed by an automated analyzer after oral administration of various diets for
12 weeks. (A) Total cholesterol (Total-c), (B) high-density lipoprotein-cholesterol (HDL), (C) low-
density lipoprotein-cholesterol (LDL), (D) HDL/Total-c, (E) Leptin. ND, normal diet; HD, high-fat
diet; GAR, HD supplemented with Garcinia cambogia extract (10 mg/kg); SPY−L, HD supplemented
with SPY (4 × 106 CFU/kg); SPY− H, HD supplemented with SPY (4 × 107 CFU/kg); L.601− L,
HD supplemented with BST-L.601 (4 × 108 CFU/kg); L.601− H, HD supplemented with BST-L.601
(4 × 109 CFU/kg). L.601, L. rhamnosus BST-L.601. Values are the means ± SDs (n = 8). Values
with different superscripts are significantly different among the groups by one-way ANOVA with
Dunnett’s multiple comparison test at * p < 0.05; ** p < 0.01; *** p < 0.001, compared to the HD group.

3.7. SPY and BST-L.601 Suppress Adipogenic and Lipogenic Marker Protein mRNA Expression in
HD-Induced Obese Mice

RT-PCR analysis was performed to identify the effects of SPY and BST-L.601 on the
expression levels of adipogenic markers in HD-induced obese mice. After 12 weeks of oral
administration of SPY and BST-L.601, liver tissues were lysed, and the amount of mRNA
was measured. Oral administration of SPY (SPY-H) and BST-L.601 (L.601-H) decreased
the mRNA expression level of aP2 by 32.3% and 60.1% (Figure 7A), PPAR-γ by 31.0%
and 25.5% (Figure 7B), FAS by 15.9% and 30.3% (Figure 7C), and ACC-1 by 13.3% and
41.0%, respectively (Figure 7D). These results suggested the exhibition of the anti-obesity
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ability of SPY and BST-L.601 through the downregulation of the expression of various
adipogenesis-specific transcription factors and lipogenesis marker proteins.

Figure 6. Effect of SPY and BST-L.601 on the size and numbers of adipocytes in liver and epididymal
fat tissues in HD-induced obese mice. Liver tissues and adipose tissues were stained with hema-
toxylin and eosin (H&E). (A) Sections of stained epididymal adipose tissue and liver tissue were
monitored under a light microscope (magnification, ×200 for epididymal adipose tissues, ×400
for liver tissues). (B) Size of epididymal adipose tissue and (C) cell numbers in the measured area
(measured unit area = 1.48 μm2). ND, normal diet; HD, high-fat diet; GAR, HD supplemented with
Garcinia cambogia extract (100 mg/kg); SPY−L, HD supplemented with SPY (4 × 106 CFU/kg); SPY−
H, HD supplemented with SPY (4 × 107 CFU/kg); L.601− L, HD supplemented with BST-L.601
(4 × 108 CFU/kg); L.601− H, HD supplemented with BST-L.601 (4 × 109 CFU/kg). L.601, L. rham-
nosus BST-L.601. Values with different superscripts are significantly different among the groups by
one-way ANOVA with Dunnett’s multiple comparison test at * p < 0.05; ** p < 0.01; *** p < 0.001,
compared to the HD group.

3.8. SPY and BST-L.601 Suppress Adipocyte Differentiation and Lipogenic Marker Protein
Expression in Liver Tissue of HD-Induced Obese Mice

To determine the effect of SPY and BST-L.601 on adipogenic and lipogenic marker pro-
teins in HD-induced obese mice, the levels of adipocyte differentiation transcription factors
as PPAR-γ and aP2 and lipogenic enzymes similar to ACC and FAS were investigated by
Western blotting. SPY (SPY-H group) and BST-L.601 (L.601-H group) were shown to reduce
PPAR-γ by 60.8% and 41.9% (Figure 8A,B) and aP2 by 48.8% and 40.7% (Figure 8A,C) when
the β-actin level in the HD group was set at 100%. Administration of SPY (SPY-H) and
BST-L.601 (L.601-H) also decreased ACC by 48.5% and 53.5% (Figure 8A,D) and FAS by
43.8% and 41.7% (Figure 8A,E). These results showed that SPY and BST-L.601 effectively
downregulated adipogenesis and lipogenesis.

3.9. Chemical Composition Profile of SPY and MSPP

The chemical composition of MSPP and SPY was determined as summarized in Table 2.
The MSPP and SPY sample preparations contained total carbohydrates up to 922.4 mg/g
(92.24%, w/w) and 810.5 mg/g (81.05%), protein up to 30.7 mg/g (0.0307%) and 16.3 mg/g
(0.0163%), and total polyphenols up to 1.65 mg/g (0.00165%) and 1.99 mg/g (0.00199%),
respectively, indicating that both samples consist mostly of carbohydrates (Table 2). One of
the possible explanations for the decreased level of total carbohydrates in SPY, compared
to that of MSPP, would be that some of the digestible carbohydrates were consumed for the
growth and proliferation of BST-L.601 during fermentation.
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Table 2. Chemical composition analysis.

Total
Carbohydrate A

(mg GE/g)

Total Protein B

(mg BE/g)

Total
Polyphenols C

(mg GAE/g)

Caffeic Acid
(mg/mL)

MSPP D 922.4 (±7.69) 30.7 (±1.69) 1.65 (±0.01) 0.26

SPY 810.5 (±17.40) 16.3 (±1.00) 1.99 (±0.01) 0.18
A Total carbohydrate was measured by the phenol-sulfuric acid method and expressed as glucose equivalent (GE)
in 1 g of dry sample. B Total protein was quantified by the Bradford method and expressed as BSA equivalent (BE)
in 1 g of dry sample. C Total polyphenols were determined by the Folin-Ciocalteu reagent method and expressed
as gallic acid equivalents (GAE) in 1 g of dry sample. D MSPP, mashed sweet potato paste. SPY, the fermented
product of MSPP with L. rhamnosus BST-L.601.

The results from HPLC analysis for caffeic acid in MSPP (SP) and SPY confirmed the
presence of caffeic acid in both samples up to 0.26 mg/g (MSPP) and 0.18 mg/g (SPY),
respectively (Figure 9 and Table 2). One of the bioactive polyphenolic compounds of
plant origin, caffeic acid (CFA) has been known to exert effects in anti-obesity by reducing
body weight and regulating gut microbiota [29]. Therefore, in addition to BST-L.601 in
SPY, CFA might contribute to the anti-obesity effects of SPY shown in this study, at least
partly. Additionally, the presence of CFA in sweet potatoes was reported [30–32]. This
suggests that CFA present in SPY can be utilized as an index compound for SPY and
SPY-based products.

Figure 7. Effects of SPY and BST-L.601 on the mRNA levels of lipogenic markers in the liver tissue
of HD-induced obese mice. To investigate the effects of SPY and BST-L.601 on the expression of
(A) and (B) adipogenic markers (aP2 and PPAR-γ) and (C) and (D) lipogenic marker proteins (FAS
and ACC-1), liver tissues of HD-induced obese mice treated with various diets for 12 weeks were
homogenized and processed for RT-PCR and quantified by ImageJ software. The relative mRNA
levels of lipogenic markers in the liver tissue were measured by RT-PCR. ND, normal diet; HD,
high-fat diet; GAR, HD supplemented with Garcinia cambogia extract (100 mg/kg); SPY–L, HD diet
supplemented with SPY (4 × 106 CFU/kg); SPY–H, HD supplemented with SPY (4 × 107 CFU/kg);
L.601–L, HD supplemented with BST-L.601 (4 × 108 CFU/kg); L.601–H, HD supplemented with
BST-L.601 (4 × 109 CFU/kg). L.601, L. rhamnosus BST-L.601. Values with different superscripts are
significantly different among the groups by one-way ANOVA with Dunnett’s multiple comparison
test at * p < 0.05; ** p < 0.01, *** p < 0.001, compared to the HD group.
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Figure 8. Effects of SPY and BST-L.601 on adipocyte differentiation and lipogenic marker proteins
in the liver tissue of HD-induced obese mice. (A) Western blot analysis and ImageJ software were
used to monitor and quantify the expression levels of adipocyte differentiation and lipogenic marker
proteins, (B) PPAR-γ, (C) aP2, (D) ACC, and (E) FAS. β-Actin was used as a loading control. Each
data point was expressed as the % of the HD group (100%). ND, normal diet; HD, high-fat diet; GAR,
a high-fat diet supplemented with Garcinia cambogia extract (100 mg/kg); SPY−L, HD supplemented
with SPY (4 × 106 CFU/kg); SPY− H, HD supplemented with SPY (4 × 107 CFU/kg); L.601− L,
HD supplemented with BST-L.601 (4 × 108 CFU/kg); L.601− H, HD supplemented with BST.L-601
(4 × 109 CFU/kg). L.601, L. rhamnosus BST-L.601. Values with different superscripts are significantly
different among the groups by one-way ANOVA with Dunnett’s multiple comparison test at * p < 0.05;
** p < 0.01; *** p < 0.001, compared to the HD group.

Figure 9. HPCL analysis for caffeic acid in SPY and MSPP. (A) Authentic caffeic acid (Sigma, San
Francisco, CA, USA). (B) SPY and (C) SP (MSPP) samples dissolved in methanol were separately
fractionated on an XDB-C18 column and detected by a UV detector at 330 nm and quantified by
comparing the peak area on the chromatogram set to the peak area of standard caffeic acid at 100% as
described in the manuscript.

4. Discussion

Several researchers have reported that oral medication of lactic acid bacteria (LAB)
with prebiotics promotes the intestinal activity of LAB [22]. It was reported that the
anti-obesity efficacy of the gut microbiome is related to LAB, and the dietary fiber from
sweet potatoes helps a gut microbiome profile in a healthy way [21,22]. In this study, a
newly isolated probiotic strain, Lactobacillus rhamnosus BST-L.601 (KCTC13517BP), and its
fermented product (named SPY) with mashed sweet potato paste (MSPP) were evaluated
to prove the efficacy of anti-obesity through using 3T3-L1 preadipocyte cells and an HD-
induced obese mouse model.

Obesity is caused by the accumulation of triglycerides in adipocytes during the differ-
entiation of 3T3-L1 preadipocytes [30]. Previous studies have shown that the first factors
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expressed after MDI treatment are C/EBPβ and C/EBPγ [33]. These two factors promote
the expression of C/EBPα and PPAR-γ in the middle and end of preadipocyte differentia-
tion [34]. Among them, C/EBPα is an essential factor inducing the inhibition of lipogenesis
and adipogenesis. In addition, the decrease in the expression levels of C/EBPα and PPAR-γ
induces a decrease in the expression of adipose protein 2 (aP2), which is known as a dif-
ferentiation factor of preadipocytes, and PPAR-γ is a major factor involved in lipogenesis
and adipogenesis [33]. The decrease in the expression level of these two factors leads
to proteins that transport fatty acids to cells, causing lipid generation in cells [35]. This
research showed that treatment of SPY decreased lipid droplets in 3T3-L1 preadipocytes
and it means that SPY suppresses the adipogenesis of 3T3-L1 preadipocytes. Moreover,
the expression of C/EBPα and PPAR-γ, which are the major adipogenesis factors, was
significantly suppressed by SPY. Therefore, these results imply that SPY could negatively
control the adipogenesis of 3T3-L1 preadipocytes.

Acetyl-CoA carboxylase (ACC) inhibits the activity of AMP-activated protein kinase
(AMPK), reducing the production of malonyl-CoA [36,37]. Malonyl-CoA is synthesized as
palmitate by fatty acid synthase (FAS), and palmitate is known to reduce fat accumulation
and inhibit lipolysis [38,39]. In this research, oral administration of SPY reduced the
expression of ACC and FAS, demonstrating its ability to downregulate lipogenesis. These
results mean that SPY controls the expression of ACC and FAS, and also can be an effective
agent to control adipogenic and lipogenic metabolism in 3T3-L1 preadipocytes. In previous
research, it was proven that one of the L. rhamnosus strains controls the expression of
transcription factors associated with adipogenic metabolism in an HD-induced obese
mouse model [40].

The observed in vitro anti-obesity potential of SPY was further confirmed in an in vivo
model system using HD-induced obese mice. The results showed that the significantly
elevated body weight in HD mice was effectively reduced by oral administration of SPY or
BST-L.601, with a more significant reduction by SPY than BST-L.601 treatment. The SPY
used in this study was prepared by fermentation of mashed sweet potato paste (MSPP)
with the BST-L.601 strain. Similar to our present observation, a combined preparation of
prebiotics and probiotics was reported to reduce body fats [41]. LAB is demonstrated that
it has efficacy in reducing hypercholesterolemia and preventing obesity [42]. Previously,
it was reported that sweet potatoes contain significant amounts of resistant starch, caffeic
acid, and many other compounds, including phenolic compounds, anthocyanins, and
caffeoyl compounds [30–32]. One of the bioactive polyphenolic compounds of plant origin,
caffeic acid (CFA) has been known to have various pharmacological activities such as anti-
inflammatory, anti-cancer, anti-oxidant, and anti-obesity effects. Anti-obesity effectiveness
of CFA is mediated by reducing body weight and regulating the gut microbiome in obese
mice [29]. Resistant starch is known to express some beneficial effects related to metabolic
syndrome such as inhibiting the increment of blood cholesterol and decreasing the glycemic
response. Moreover, resistant starch acts as a functional prebiotic [19]. Therefore, although
it is not proven right now, the observed results that SPY-H was more effective in decreasing
the body weight gain in HD mice than treatment with BST-L.601 alone would be due to
the presence of certain compounds contained in MSPP, such as resistant starch and CFA,
which could synergistically contribute to the lowering of body weight gain in HD mice.
Alternatively, it would also be possible that SPY may contain some other compounds
produced during the fermentation of MSPP with BST-L.601 probiotics. On the other hand,
hydroxycitric acid (HCA) is one of the key bioactive chemicals in Garcinia cambogia, and its
anti-obesity effect has been explained unclearly for the last decades; thus, Garcinia cambogia
has been widely added as a main raw material for anti-obesity functional foods [43].
In a previous study performed by another research group, it was confirmed that the
administration of Garcinia cambogia powder (1%, w/w, 60% HCA) had an effect on inhibiting
fat accumulation without toxicity [44,45]. For the above reasons, Garcinia cambogia was
chosen as a positive control of anti-obesity efficacy for comparison with SPY. The results
showed that SPY also exerted a significant positive effect on weight loss in fatty liver,
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epididymal adipose tissue, and visceral fat, which was comparable to that of the GAR
(Garcinia cambogia extract, 100 mg/kg) group.

Meanwhile, Oil red O staining and TG content measurement in differentiating
adipocyte cells showed that SPY significantly decreased lipid accumulation. Further-
more, histopathological analysis of adipose tissue located on the liver and epididymis in
HD-induced obese mice by H&E staining demonstrated that administration of SPY-H and
BST-L.601-H significantly reduced the enlarged cell size and increased the cell numbers
of adipocytes in these tissues. One of the indicators for anti-obesity assessment is the
size and number of adipocytes. Especially, adipocytes accumulated in epididymal and
liver tissue are a useful index for verifying anti-obesity efficacy from chemicals or natural
ingredients [46]. The important factor to define obesity is an increment of adipose tissue
mass driven by either an explosive increment of the number or size of adipocytes [4].
Hypertrophy is mainly due to the accumulation of lipids and the hyperplasia caused by
the proliferation and differentiation of adipocyte precursor cells into mature adipocytes [4].
This process is called adipogenesis. Thus, the regulation of the adipose tissue mass is
conducted by suppressing adipogenesis, reducing lipogenesis, and enhancing lipolysis. An
additional method to control adipose tissue is inducing apoptotic death of cells [5]. There-
fore, the results of our study that SPY and BST-L.601 significantly reduced the enlarged
cell size and increased the cell numbers of adipocytes in these tissues suggest that both
SPY and BST-L.601 exert anti-obesity effects by effectively reducing adipose tissue mass by
inhibiting lipogenesis of adipocytes.

On the other hand, as shown by H&E staining of liver tissues, oral administration
of SPY and BST-L.601 prominently declined the immoderate generation and deposit of
lipids in hepatocytes. This suggests that these materials may be potentially effective against
hepatic steatosis, which is an important factor to define nonalcoholic fatty liver disease
(NAFLD) [47]. Several animal studies using rodents have demonstrated that suppressing
the accumulation of lipids in the liver tissue could be for hepatoprotection from HD-
induced NAFLD [48,49]. The results of this study imply that SPY is useful for weight
loss in fatty liver, epididymal adipose tissue, and visceral fat in HD-induced obese mice.
Although it needs to be clarified through the following research, SPY, and BST-L.601 may
exert protective effects to inhibit hepatic steatosis and thus NAFLD in HD-fed mice, which
would be an additional health benefit of SPY and BST-L.601.

SPY was also shown to suppress the secretion of leptin, an adipocyte hormone that
is secreted by adipocytes in response to their triglyceride levels, and is known to regulate
energy expenditure and food intake [50,51]. Circulating leptin levels in the blood are
associated with the extent of obesity; thus, leptin is a sensitive biomarker to indicate
obesity [51,52]. In this study, oral administration of SPY and BST-L.601 to HD-induced obese
mice for 12 weeks resulted in reduced levels of leptin in blood serum, suggesting that both
materials, SPY, and BST-L.601, attenuated the secretion of leptin, thereby downregulating
lipid metabolism in HD-fed mice.

5. Conclusions

This study revealed that, with no detectable level of cytotoxicity, SPY, a fermented
product (named SPY) of Lactobacillus rhamnosus BST-L.601 in mashed sweet potato paste
(MSPP) medium, significantly reduced the lipid accumulation and TG contents in 3T3-L1
adipocytes. Moreover, SPY also inhibited the differentiation of adipocytes and lipogenesis
through suppression of the expression of adipogenesis-related markers such as C/EBPα,
PPAR-γ, and aP2 and fatty acid synthetic pathway proteins such as ACC and FAS. In
HD-induced obese mice, oral administration of SPY or BST-L.601 for 12 weeks significantly
reduced the body and liver weight, the size of adipocytes, and the weight of epididymal,
visceral, and subcutaneous fat tissues. Administration of SPY or BST-L.601 also reduced
the serum levels of total cholesterol and LDL cholesterol and leptin secretion. These results
indicated that both SPY and BST-L.601 effectively suppress HD-induced adipogenesis and
lipogenesis through the downregulation of the expression of adipogenic marker proteins
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and lipogenesis-related marker proteins. SPY was more effective in decreasing body weight
gain in HD mice than in treatment with BST-L.601 alone. The results of the present study
suggest that SPY and BST-L.601 can be potential candidates as active ingredients to develop
health-beneficial functional foods or new probiotic-prebiotic combined compositions to
prevent or treat obesity.
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Abstract: Lacticaseibacillus paracasei (formerly Lactobacillus paracasei) is a nomadic lactic acid bacterium
(LAB) that inhabits a wide variety of ecological niches, from fermented foodstuffs to host-associated
microenvironments. Many of the isolated L. paracasei strains have been used as single-strain probi-
otics or as part of a symbiotic consortium within formulations. The present study contributes to the
exploration of different strains of L. paracasei derived from non-conventional isolation sources—the
South African traditional fermented drink mahewu (strains MA2 and MA3) and kefir grains (strains
KF1 and ABK). The performed microbiological, biochemical and genomic comparative analyses of
the studied strains demonstrated correlation between properties of the strains and their isolation
source, which suggests the presence of at least partial strain adaptation to the isolation environ-
ments. Additionally, for the studied strains, antagonistic activities against common pathogens and
against each other were observed, and the ability to release bioactive peptides with antioxidant
and angiotensin I-converting enzyme inhibitory (ACE-I) properties during milk fermentation was
investigated. The obtained results may be useful for a deeper understanding of the nomadic lifestyle
of L. paracasei and for the development of new starter cultures and probiotic preparations based on
this LAB in the future.

Keywords: Lacticaseibacillus paracasei; mahewu; kefir grains; genome sequencing; antibacterial
activity; milk fermentation; proteolytic activity; antioxidant activity; angiotensin-converting enzyme
inhibitory activity (ACE-I)

1. Introduction

Lactic acid bacteria (LAB) are a heterogeneous group of microorganisms that play
a key role in various food fermentation processes [1,2]. In addition to advantageous
storage and organoleptic properties, many foods fermented by LAB possess additional
health-promoting benefits, such as imparting improvements to digestion and tolerance
to lactose [3], hypocholesterolemic and antihypertensive effects [4,5] and antioxidant and
anticarcinogenic activities [6,7]. Additionally, LAB itself can possess probiotic properties,
such as the ability to impart improvements to the intestinal barrier and commensal mi-
crobial balance [8,9], production of beneficial enzymes (e.g., β-galactosidase and bile salt
hydrolase) and neurochemicals [10,11], suppression of pathogenic microflora [12], and
modulation of the immune system [13].

Among the LAB, Lactobacillus is the most well-known genus and currently comprises
more than 200 species with extremely diverse phenotypes, genotypes and ecology [14].
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Moreover, for each actively studied species of Lactobacillus, more than 100 strains are
currently described and have genomes sequenced [15]. Although several researchers have
proposed the idea that some beneficial properties of Lactobacillus spp. may be innate
attributes of taxonomic ranks higher than the strain [16], the strain-specificity of such
properties is still a cornerstone principle of probiotic science. Therefore, the isolation of
individual strains of Lactobacillus spp. and the exploration of their beneficial properties are
necessary, albeit tedious, undertakings to develop new associations of starter cultures for
products with pronounced health benefits [17–19].

The present study contributes to the exploration of different strains of Lacticaseibacillus
paracasei (formerly Lactobacillus paracasei). Many of the isolated L. paracasei strains have
been used as single-strain probiotics or as part of a symbiotic consortium within formula-
tions [20]. Examples actively marketed around the name “probiotic strains of L. paracasei”
are: L. paracasei F19 from Chr. Hansen, which is mainly used as a part of the starter cul-
ture in the popular Scandinavian yogurt from the Arla Foods company; L. paracasei DG
(L. paracasei CNCM I-1572), which is mainly used as a single-strain probiotic in the Entero-
lactis food supplement from the Italian company SOFAR; and L. paracasei Shirota, which is
mainly used for the preparation of the Japanese sweetened probiotic milk beverage Yakult
prom the Yakult Honsha company.

L. paracasei is closely related to such widely researched and used probiotic species
as Lacticaseibacillus casei and Lacticaseibacillus rhamnosus and forms with these species a
distinctive evolutionary/taxonomic group—the L. casei group [21,22]. The species of the
L. casei group populate a wide variety of different niches, from fermented foodstuffs to host-
associated microenvironments, and represent a paradigmatic “nomadic species” [23,24].
Although nomadic species are not permanent residents of intestinal ecosystems, they
may persist in them for at least a limited time [23]. Additionally, when isolated from
environments other than host-associated (e.g., commercial or artisanal dairy products and
plants), the isolation sources of nomadic species are not well-correlated with the evolution
of their genomes [25]. Consequently, no niche-specific adaptations common to the majority
of strains isolated from the same source can be identified [26]. However, it is easily possible
for the different strains of nomadic species to possess different independent adaptations to
the same environment [24,27]. For example, Smocvina et al. [26] reported that dairy-derived
strains of L. paracasei generally possessed reduced genome size with a smaller number of
sugar cassettes. The inherent genetic flexibility of nomadic strains has made these strains a
natural library of evolutionarily selected variations yet to be employed for biotechnological
applications [28].

Currently, 310 strains of L. paracasei with sequenced genomes have been reported [15];
however, there are several pieces of evidence suggesting that not all the strain biodiversity
of this species has been explored. Firstly, L. paracasei is considered to have an open pan-
genome [29]; hence, the number of new gene families increases with the addition of the
genomes from new strains [30]. Secondly, there is a limited number of strains isolated from
non-conventional sources, examples of which would be non-dairy fermented foodstuff and
symbiotic cultures of bacteria and yeast (SCOBY), such as kefir grains and kombucha [25].
The GeneBank database contains only eight genomes of L. paracasei isolated from kefir or
kefir grains and only one from non-dairy fermented foodstuff (beer).

In this article, we report a comparative biochemical and genomic characterization of
four strains of L. paracasei isolated from non-conventional sources: the strains L. paracasei
MA2 and L. paracasei MA3 were isolated from the traditional, corn-based, nonalcoholic
beverage of South Africa mahewu in the course of this work; and the strains L. paracasei
KF1 and L. paracasei ABK were previously isolated from the SCOBY traditionally used in
Commonwealth of Independent States (CIS) countries for preparation of kefir and kefir
grains [31]. Additionally, for the studied strains, antagonistic activities against common
pathogens and against each other were observed, and the ability to release bioactive pep-
tides with antioxidant and angiotensin I-converting enzyme inhibitory (ACE-I) properties
during milk fermentation was investigated.
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2. Materials and Methods

2.1. Isolation, Identification and Profile of Enzymatic Activities

The strains L. paracasei MA2 and L. paracasei MA3 were isolated from mahewu, the
samples of which were purchased in the distribution network of Durban (South Africa) and
analytically characterized by Moiseenko et al. [32]. The isolation procedure was performed
as described by Begunova et al. [31]. In brief, a series of tenfold dilutions were inoculated
into MRS (De Man, Rogosa and Sharpe) broth with the addition of 10% ethanol and
cultivated at 30 ± 1 ◦C for 3–5 days to enrich the medium with lactobacilli. An enriched
culture of lactobacilli was inoculated on MRS agar (pH 5.4) and anaerobically incubated at
a temperature of 30 ± 1 ◦C for 3–5 days. Morphologically identical colonies were selected
for further cultivation in MRS broth.

The isolated lactobacilli were biochemically characterized using API 50CH (BioMerieux,
Marcy l’Etoile, France) and API ZYM (BioMerieux) test systems according to the manufac-
turer’s instructions. The results of the API 50CH test were analyzed with the APIWEB web
server (https://apiweb.biomerieux.com, accessed on 24 September 2022). The genotyping
of the obtained isolates was performed with colony polymerase chain reaction (PCR) from
the MRS agar plates. The 16S rRNA gene was amplified according to [33] with a Taq DNA
polymerase kit (Evrogen, Moscow, Russia) and the primers bak11w (5’-AGT TTG ATC MTG
GCT CAG-3’) and bak4 (5’-AGG AGG TGA TCC ARC CGC A-3’). Successfully amplified
PCR products were extracted from 2% agarose gel with a commercial QIAquick Gel Extrac-
tion Kit (Qiagen, Valencia, CA, USA). Sanger sequencing of the purified PCR products was
carried out with the same primers as for PCR. The construction of the phylogenetic tree
with obtained 16S rRNA sequences, as well as sequences from various Lactobacillus species
type strains [14], was performed using the RAxML-HPC BlackBox (v 8.2.10) program [34]
at the CIPRES Science Gateway [35].

The strains L. paracasei KF1 and L. paracasei ABK were obtained from the Microorganism
Collection of the All-Russia Research Institute of the Dairy Industry (VNIMI, Moscow,
Russia). Both strains were isolated from kefir grains and biochemically characterized using
API 50CH and API ZYM test systems by Begunova et al. [31]. The sequences of the 16S
ribosomal RNA genes of these strains can be found at the GenBank accessory numbers
MW558119.1 and MN994625.1 for L. paracasei KF1 and L. paracasei ABK, respectively.

2.2. Inhibition of Pathogens and Antagonistic Interactions

The ability of the L. paracasei KF1, L. paracasei ABK, L. paracasei MA2 and L. paracasei
MA3 to inhibit common pathogens was assessed according to Begunova et al. [36]. The
pathogenic bacterium strains Staphylococcus aureus ATCC-6538 and Escherichia coli ATCC-
25922 were purchased from the American Type Culture Collection (Manassas, VA, USA),
and Salmonella typhimurium NCTC 00074 was purchased from the National Collection of
Type Cultures (Salisbury, UK). In brief, the antagonistic activity was evaluated with the
co-culture method. For the experimental samples, 20 mL of MRS broth was simultaneously
inoculated with 1 mL (approximately 107 CFU·mL−1) of the studied L. paracasei strain
and 1 mL (approximately 107 CFU·mL−1) of the pathogenic test-strain. The single-species
cultivations of the pathogenic bacteria were used as a control. The incubation was carried
out at 37 ± 2 ◦C, and samples were collected after 24 and 48 h. Pathogen cells were
counted on commercial mediums based on pancreatic sprat hydrolysate, SPA agar medium
(Mikrogen, Moscow, Russia), at 37 ◦C for 24–48 h.

The antagonistic interactions between the studied L. paracasei strains were assessed
with the perpendicular streak test following Savinova et al. [37]. At the first stage, the
pre-culture of the first LAB was streaked on the MRS agar and incubated under anaerobic
conditions at 37 ◦C for 24 h. At the second stage, the pre-culture of the second LAB was
streaked perpendicularly to the first LAB, and the plate was incubated under anaerobic
conditions for another 24 h at 37 ◦C. The antagonistic interactions between LAB were
assessed visually from the presence of a growth inhibition zone.
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2.3. Fermentation of Milk

Growth characteristics and functional properties of the L. paracasei KF1, L. paracasei
ABK, L. paracasei MA2 and L. paracasei MA3 were studied during fermentation of the skim
milk. Sterile skim milk was inoculated with 1% of the corresponding strain and incubated
at 30 ◦C for 72 h. Samples were collected under sterile conditions at 6, 16, 24, 48 and 72 h of
fermentation, and the number of viable cells (colony-forming units (CFUs)) was counted
on MRS agar and the pH was measured using a Seven Easy pH meter (Mettler Toledo,
Greifensee, Switzerland).

For the measurements of proteolytic activity, antioxidant-capacity and ACE-I-activity
protein-peptide fractions were isolated from fermented milk. For the samples with a pH
above 4.6, the pH was adjusted to 4.6 by adding 0.75% trichloroacetic acid (TCA). The
samples were centrifuged for 30 min at 4 ◦C and 10,000× g in a 5702R centrifuge (Eppendorf,
Germany). The obtained supernatants were filtered through 0.45 μm PVDF syringe filters
(Sartorius, Germany). The obtained protein-peptide fractions were frozen and stored at
−80 ◦C until further analysis. Before the analysis, samples were thawed and additionally
filtered with 0.45 μm polyvinylidene difluoride (PVDF) syringe filters.

The proteolytic activity was determined quantitatively as the amount of released amino
groups using the 2,4,6-trinitrobenzenesulfonic acid (TNBS) method [38], as described by
Torkova et al. [39]. The results were expressed as the amount of L-Leu molar equivalents,
mM(L-Leu).

The antioxidant capacity of the samples was determined with the oxygen radical
absorbance capacity fluorescence method (ORAC) with the generation of peroxyl radicals
in the reaction medium, as described by Torkova et al. [39]. The results were expressed as
the amount of Trolox molar equivalents, μM(TE).

The in vitro hypotensive effect of the fermented milks was assessed as the angiotensin-
I-converting enzyme (ACE)-inhibiting activity of the samples (ACE-I activity), as described
by Torkova et al. [39]. The measurements were performed with a BioTek Synergy 2 mi-
croplate photometer–fluorometer (BioTek). The results were expressed as the half maximal
inhibitory concentration IC50 (reported as mg of protein per mL).

2.4. Genome Sequencing, Assembly and Annotation

The DNA isolation, genome sequencing and genome annotation of L. paracasei KF1,
L. paracasei ABK, L. paracasei MA2 and L. paracasei MA3 were performed as described by
Savinova et al. [37]. In brief, total DNA was extracted from liquid MRS cultures using a
DNeasy mericon Food Kit (Qiagen) according to the manufacturer’s protocol. The DNA
library was prepared using the Ion AmpliSeq library kit 2.0 (Thermo Fisher Scientific,
Waltham, MA, USA) and indexed with an Ion Xpress barcode adapters 1–16 kit (Thermo
Fisher Scientific, MA, USA). Whole-genome sequencing was carried out using the Ion
Torrent Personal Genome Machine (PGM) (Thermo Fisher Scientific). The obtained reads
were pre-processed and assembled with CLC Genomics Workbench 11.0 (Qiagen). Upon
submission, genome annotations were performed using NCBI Prokaryotic Genome Anno-
tation Pipeline (PGAP) [40]. Additionally, annotation with ISfinder [41], PHASTER [42],
PlasmidFinder [43] and BAGEL4 [44] was performed on the web. The comparative genome
analysis was performed using the Anvi’o suite of programs [45,46].

2.5. Statistical Data Manipulations

All experiments were performed in three biological replicates. All statistical compar-
isons were firstly performed using a one-way ANOVA omnibus F-test. When a significant
(p < 0.05) value for the F-statistics was found, differences between means were evaluated
using Tukey’s honestly significant difference (HSD) multiple comparison test (p < 0.05).
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3. Results and Discussion

3.1. Isolation and Taxonomic Assignment of the Mahewu-Derived Strains

As a result of a series of successive subcultures on the media selective for lactobacilli,
several rod-shaped (approximately 1 μkm in length) Gram-positive bacteria were isolated.
The isolated bacteria formed small, round, creamy-yellow non-transparent colonies (ap-
proximately 1 mm in diameter) with smooth edges on MRS agar. To identify the isolated
strains, their 16S rRNA genes were sequenced and compared with the sequences of the type
strains registered in the GenBank database. As a result, two isolated strains demonstrated
99.9% similarity with the type strains of L. paracasei. These strains were named L. paracasei
MA2 and L. paracasei MA3 and were deposited into the Microorganism Collection of the
All-Russia Research Institute of the Dairy Industry (VNIMI, Moscow, Russia). The ob-
tained sequences of 16S rRNA were deposited into GenBank under the accession numbers
MW558121.1 and MW558122.1 for L. paracasei MA2 and L. paracasei MA3, respectively. The
phylogenetic tree constructed using 16s rRNA sequences of various Lactobacillus species
type strains [14] and 16S rRNA sequences of the mahewu-derived strains L. paracasei MA2
and L. paracasei MA3 is shown in Figure 1.

 

Figure 1. Phylogenetic tree constructed using 16S rRNA sequences of various Lactobacillus species
type strains [14] and 16S rRNA sequences of strains isolated from mahewu in this work (marked in
red). The evolutionary distance corresponding to one change every 100 nucleotides is shown by the
scale. The number over the nodes corresponds to their bootstrap values.

3.2. Comparative Functional Characterization of the Mahewu- and Kefir-Derived Strains
3.2.1. Biochemical Characterization: Ability to Utilize Different Substrates and Profile of
Enzymatic Activities

The ability of the mahewu-derived strains to utilize 49 different substrates was as-
sessed using an API 50 test system. The obtained substrate-utilization patterns for both
L. paracasei MA2 and L. paracasei MA3 were 91% identical to that typical for L. paracasei
species, according to the APIWEB database. The comparison of the API 50 profile of the
mahewu-derived strains with that of the kefir-derived strains, previously described by
Begunova et al. [31], is presented on Figure 2.

As was expected for different strains of the same species, all four studied strains of
L. paracasei were similar in their use of 39 out of 49 (i.e., 79.6%) tested substrates, 12 of which
were used by all strains and 27 not by any strain. Notably, for four substrates (i.e., 8.2%
of the total), the usage pattern clearly separated strains isolated from kefir and mahewu:
only mahewu-derived strains were able to utilize glycerol, D-saccharose (sucrose) and
potassium 2-ketogluconate, while D-melezitose was utilized only by kefir-derived strains.
Three substrates (i.e., 6.1% of the total), arbutin, esculin ferric citrate and gentiobiose, were
utilized by all strains except L. paracasei KF1. In addition, for three substrates (i.e., 6.1%
of the total), strain-specific features of utilization were observed: only L. paracasei ABK
demonstrated the ability to utilize D-melibiose and the inability to utilize D-tagatose, and
only L. paracasei MA2 was not able to utilize D-fructose.
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Figure 2. The API 50 substrate utilization profile of the kefir-derived (KF1 and ABK) and mahewu-
derived (MA1 and MA2) strains of L. paracasei. The data for the kefir-derived strains were obtained
from Begunova et al. [31].

The enzymatic activities of the mahewu-derived strains were assessed with a semi-
quantitative API ZYM test system, which detects 19 enzymatic activities, including those
of glycoside-hydrolases, proteases, phosphatases, and esterases. The comparison of the
API ZYM profile of the mahewu-derived strains with that of the kefir-derived strains,
previously described by Begunova et al. [31], is presented on Figure 3.

 

Figure 3. The API ZYM enzymatic activity profiles of kefir-derived (KF1 and ABK) and mahewu-
derived (MA2 and MA3) strains of L. paracasei. The data for the kefir-derived strains were obtained
from Begunova et al. [31].
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All four studied L. paracasei strains demonstrated similar results for the majority of the
tested enzymatic activities (10 out of 19 or 52.6%): five activities were absent for all strains,
and five activities were detected at the same semi-quantitative level for all strains. For seven
enzymatic activities (i.e., 36.8% of the total), the activity pattern clearly separated strains
isolated from kefir and mahewu: while the mahewu-derived strains demonstrated higher
activities of naphtol-AS-BI-phosphohydrolase and alkaline phosphatase, the activities of
α-galactosidase, α-fucosidase, esterase (C4), esterase lipase (C8) and α-glucosidase were
higher for kefir-derived strains. The L. paracasei MA2 demonstrated the highest cystine
arylamidase activity among other strains and was the only strain with detectable N-acetyl-
β-glucosaminidase activity.

It is worth comparing the results of the API 50 test with the results of the API ZYM test
in terms of contrasting biochemical properties of strains derived from kefir and mahewu.
In the API 50 tests, only 8.2% of all tested substrates demonstrated clear separation of
these two groups of strains. Although this figure is small, it is arguably still larger than
can be expected from random chance. Hence, based on the API 50 data, it was possible
to hypothesize that specific differences between strains can be correlated with strains’
isolation source. The data on the API ZYM test clearly substantiated this hypothesis,
since 36.8% of all tested activities demonstrated the clear boundary between kefir- and
mahewu-derived strains.

3.2.2. Inhibition of Pathogens and Antagonistic Interactions

To examine antagonistic activity of the studied L. paracasei strains against planktonic
cells of the pathogenic bacteria, two-species co-cultivations were performed. The following
strains of pathogenic bacteria were used: S. typhimurium NCTC 00074, S. aureus 2097 and
E. coli B-125. The single-species cultivations of the pathogenic bacteria were used as a
control. The dynamics of changes in the viable cell count of the pathogenic bacteria are
shown in the Figure 4.

 

Figure 4. Changes in the viable cell count of S. typhimurium NCTC 00074, E. coli B-125 and S. aureus
2097 during single- and two-species cultivations with the kefir-derived (KF1 and ABK) and mahewu-
derived (MA2 and MA3) strains of L. paracasei. The error bars represent the standard deviations from
the mean.

While intensive growth of pathogenic bacterial strains was observed in their mono-
culture (control), in co-cultivations with the studied L. paracasei strains, their viable cell
count constantly decreased. Generally, all the studied L. paracasei strains demonstrated
similar abilities for inhibition of pathogens. The most prominent decrease, by three to four
orders of magnitude in 48 h, was observed for E. coli B-125. The viable cell counts of other
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pathogens decreased by approximately two orders of magnitude. The most distinctive
strain was L. paracasei ABK. Compared to other strains, this strain demonstrated the best
inhibition for E. coli B-125, and the worst for S. typhimurium NCTC 00074.

The antagonistic interactions between studied strains of L. paracasei were tested during
their solid-state co-cultivation with the perpendicular streak method (Table 1). Although
strains did not demonstrate pronounced antagonism to each other, some weak antagonistic
interactions were detected. Interestingly, while no antagonistic interactions were detected
between the kefir-derived strains or between the mahewu-derived strains, the mahewu-
derived strains were able to weakly suppress the growth of the kefir-derived strains.

Table 1. The antagonistic interactions between the studied strains of L. paracasei.

Strains of L. paracasei

KF1 ABK MA2

ABK -
MA2 + +
MA3 + + -

3.2.3. Growth Ability, Acidification Capability and Proteolytic Activity during Milk
Fermentation

The dynamics of changes in the viable cell count are shown in Figure 5A. During
the first 24 h of the fermentation process, the kefir-derived strains demonstrated lower
growth rates compared to the mahewu-derived strains. After 24 h of fermentation, the
kefir-derived strains continued to grow until 48 h, when they achieved the maximum viable
cell count of (2.35 ± 1.07) × 108 CFU·mL−1, and then their viable cell count decreased to
(1.10 ± 1.06) × 108 CFU·mL−1 at 72 h of fermentation. In contrast, the mahewu-derived
strains stopped their growth after 24 h of fermentation, when they achieved the maximum
viable cell count of (1.10 ± 0.91) × 108 CFU·mL−1, and then their viable cell count remained
constant until 72 h of fermentation.

 

Figure 5. Fermentation characteristics of the kefir-derived (KF1 and ABK) and mahewu-derived
(MA2 and MA3) strains of L. paracasei during milk fermentation: (A) the dynamics of change in the
viable cell count; (B) the dynamics of change in the pH value; (C) the dynamics of change in the
proteolytic activity. The error bars represent the standard deviations from the mean.
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The dynamics of changes in the pH values are shown in Figure 5B. As expected, the
acidification capabilities of all studied strains negatively correlated with their viable cell
count. The faster the strain grew, the faster the acidification of its medium was observed to
be. The mahewu-derived strains showed a pH decrease of approximately two units in a 24 h
timespan and reached the final pH of 4.3 ± 0.2 at 72 h of fermentation. The kefir-derived
strains gradually decreased their pH by approximately 0.04 pH units per hour, reaching
the same final pH value as mahewu-derived strains at the end of the fermentation. While
the mahewu-derived strains were already able to form clots after 24 h of fermentation,
because of casein precipitation at pH lower than 4.6 [47], the clots in the milk fermented by
kefir-derived strains were observed only after 72 h of fermentation.

The dynamics of changes of the proteolytic activity for the studied strains are shown
in Figure 5C. For all strains, the proteolytic activity until 16 h of fermentation was almost
the same and did not differ significantly from that at the beginning of fermentation. After
16 h of fermentation, the proteolytic activity of the mahewu-derived strains rose rapidly
up to 3.88 ± 0.21 mM(L-Leu) at 24 h of fermentation and continued to increase up to
4.78 ± 0.22 mM(L-Leu) at 48 h. At 72 h of fermentation, the proteolytic activity of the
mahewu-derived strains decreased down to 3.63 ± 0.15 mM(L-Leu). In contrast, the
proteolytic activity of the kefir-derived strains gradually increased from 16 to 72 h of
fermentation by approximately 0.04 and 0.02 mM(L-Leu) per hour, reaching the final values
of 4.61 ± 0.15 and 3.68 ± 0.15 mM(L-Leu) at the end of the fermentations for L. paracasei
KF1 and L. paracasei ABK, respectively.

Hence, all three studied parameters—growth ability, acidification capability and pro-
teolytic activity—generally correlated with each other and with the origin of the strains
during milk fermentation. The kefir-derived strains demonstrated slower growth, acidifica-
tion capability and proteolytic activity compared to the mahewu-derived strains. Although
slow growth and acidification of milk by the kefir-derived strain could present hindrances
for the technological use of these strains, it could be an advantageous property from
the probiotic perspective. Recently, Jung et al. [48] demonstrated that, in some cases of
milk fermentation by Lacticaseibacillus casei, the slow-growing strains improved several of
their probiotic characteristics (e.g., resistance to simulated gastrointestinal digestion and
intestinal adhesion ability) after long-term fermentation.

3.2.4. Development of Antioxidant and Antihypertensive Properties during Milk
Fermentation

The development of antioxidant activity during fermentation of milk by the studied
strains is shown in Figure 6A. The antioxidant activity of milk fermented by the kefir-
derived strains steadily increased over the entire fermentation time at approximately 2.7
and 6.9 μM(TE) per hour for L. paracasei KF1 L. paracasei ABK, respectively. For milk
fermented by the mahewu-derived strains, the rapid growth of antioxidant activity up
to 850 ± 23 μM(TE) was observed in the first 24 h of fermentation. From 24 to 48 h,
the antioxidant activity stayed at almost the same level, after which it slightly decreased
until the end of fermentation, reaching approximately 750 ± 33 μM(TE). Generally, the
antioxidant activity of the fermented milk correlated with the strains’ proteolytic activity.
Previously, we have discussed a similar situation for Lactobacillus helveticus, Lactobacillus
rhamnosus and Lactobacillus reuteri [49] and hypothesized that the main reason for this
correlation is the not very stringent requirements that peptides must meet in order to
possess reasonable antioxidant activity [50–52].
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Figure 6. The development of antioxidant and ACE-I activities in the milk fermented by the kefir-
derived (KF1 and ABK) and mahewu-derived (MA2 and MA3) strains of L. paracasei: (A) the devel-
opment of antioxidant activity; (B) the development of ACE-I activity. The error bars represent the
standard deviations from the mean.

The development of ACE-I activity is shown in Figure 6B. For milk fermented by
all studied strains, the most active increase in ACE-I activity (i.e., decrease in the IC50)
was observed in the first 16 h of fermentation; at this time, the IC50 reached almost the
same value for all strains at approximately 2.0 ± 0.4 mg·mL−1. For milk fermented by the
kefir-derived strains, the value of IC50 did not change until the end of the fermentation. For
the mahewu-derived strains, the value of IC50 slightly increased at the end of fermentation,
reaching approximately 5.5 ± 0.33 mg·mL−1. The slower decrease in ACE-I activity in
milk fermented by the kefir-derived strains may not only indicate the possibility of longer
storage of this milk but also, once again, underline the possibility of using these strains in
long-term fermentations without loss of ACE-I properties in the fermented products.

Currently, there is only one published article describing the ACE-I activity of the
milk fermented by L. paracasei (strain L26) authored by Donkor et al. [53], in which an
IC50 of 0.196 ± 0.008 mg·mL−1 was reported. Although the IC50 reported in our article
(2.0 mg·mL−1) is substantially higher, it is still in the range typical for milk fermented with
Lactobacillus spp. [54].

3.3. Comparative Genomic Characterization of the Mahewu- and Kefir-Derived Strains
3.3.1. Genome Sequencing, Assembly and Annotation

Using Ion Torrent technology, the draft genomes of L. paracasei KF1, L. paracasei ABK,
L. paracasei MA2 and L. paracasei MA3 were sequenced with overall coverage of 100×
and ultimately assembled into 248, 246, 363 and 350 contigs, respectively (Table 2). For
L. paracasei KF1, the N50 value was 36,612 bp, with the longest contig being 212,858 bp
and the mean contig size 10,572 bp. For L. paracasei ABK, the N50 value was 36,610 bp,
with the longest contig being 212,860 bp and the mean contig size 10,773 bp. For L. para-
casei MA2, the N50 value was 37,017 bp, with the longest contig being 170,621 bp and
the mean contig size 7622 bp. For L. paracasei MA3, the N50 value was 37,018 bp, with
the longest contig being 170,654 bp and the mean contig size 8022 bp. The final size of
the assemblies was 2.7 and 2.9 Mb for the kefir-derived (KF1 and ABK) and mahewu-
derived (MA2 and MA3) strains, respectively. The Whole Genome Shotgun projects were
deposited at DDBJ/ENA/GenBank under the accessions GCA_023470645, GCA_018967025,
GCA_018966985 and GCA_023470655 for L. paracasei KF1, L. paracasei ABK, L. paracasei
MA2 and L. paracasei MA3, respectively. The versions described in this paper are ver-
sions GCA_023470645.1, GCA_018967025.1, GCA_018966985.1 and GCA_023470655.1 for
L. paracasei KF1, L. paracasei ABK, L. paracasei MA2 and L. paracasei MA3, respectively. All
the sequenced genomes belong to two BioProgects—PRJNA824719 and PRJNA736961. In
general, the obtained assemblies and annotations of the genomes of the two kefir-derived
(KF1 and ABK) and two mahewu-derived (MA2 and MA3) strains of L. paracasei were of
comparable quality to previously published genomes of other L. paracasei strains [15].
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Table 2. Data on the genome sequencing of the kefir-derived (KF1 and ABK) and mahewu-derived
(MA2 and MA3) strains of L. paracasei.

Kefir-Derived Strains

Lacticaseibacillus paracasei KF1 (GB Accession:
GCA_023470645.1)

Lacticaseibacillus paracasei ABK (GB Accession:
GCA_018967025.1)

Sequencing Sequencing

Sequencing
technology

Ion
Torrent

Number of
reads 3,432,445 Sequencing

technology
Ion

Torrent
Number of

reads 3,635,019

Mean read size 208 bp Mean read size 208 bp

Assembly Structural annotation Assembly Structural annotation

Assembly size, bp 2,697,398 Genes (total): 2791 Assembly size, Mb 2,698,106 Genes (total): 2796

Overall coverage 100× - Protein
coding 2517 Overall coverage 100× - Protein

coding 2524

Number of contigs 248 - RNA coding 78 Number of contigs 246 - RNA coding 78
Longest contig, bp 212,858 - Pseudogenes 196 Longest contig, bp 212,860 - Pseudogenes 194
N50 contig size, bp 36,612 CRISPR arrays 0 N50 contig size, bp 36,610 CRISPR arrays 0

Mean contig size, bp 10,572 Mean contig size, bp 10,773

Mahewu-Derived Strains

Lacticaseibacillus paracasei MA2 (GB Accession:
GCA_018966985.1)

Lacticaseibacillus paracasei MA3 (GB Accession:
GCA_023470655.1)

Sequencing Sequencing

Sequencing
technology

Ion
Torrent

Number of
reads 2,972,024 Sequencing

technology
Ion

Torrent
Number of

reads 3,314,216

Mean read size,
bp 209 bp Mean read size,

bp 212 bp

Assembly Structural annotation Assembly Structural annotation

Assembly size, bp 2,878,977 Genes (total): 2977 Assembly size, Mb 2,870,266 Genes (total): 2965

Overall coverage 100× - Protein
coding 2651 Overall coverage 100× - Protein

coding 2650

Number of contigs 363 - RNA coding 79 Number of contigs 350 - RNA coding 79
Longest contig, bp 170,621 - Pseudogenes 247 Longest contig, bp 170,654 - Pseudogenes 236
N50 contig size, bp 37,017 CRISPR arrays 0 N50 contig size, bp 37,018 CRISPR arrays 0

Mean contig size, bp 7622 Mean contig size, bp 8022

For all studied strains, the genome sizes and numbers of predicted CDSs were in the
previously identified ranges—2.5–4 Mb and 2200–3200 CDSs—for free-living and nomadic
Lactobacillus spp. [23]. It should be especially emphasized that the mahewu-derived strains
possessed a 200 kb larger genome size (approximately 180 additional genes) compared
to the kefir-derived strains. Additionally, the genomes of the mahewu-derived strains
contained 50 more pseudogenes (i.e., the genes that have been silenced by one or more
deleterious mutations).

Since pseudogenes can persist in bacterial genomes over a long evolutionary period,
they can usually be thought of as “archaeological records” of pre-existing but now extinct
proteins, enzymes or even entire biological pathways [55,56]. The accumulation of pseudo-
genes in the genomes of the mahewu-derived strains may be the result of relatively recent
processes, such as niche change or weak selection towards corn-base substrates. In contrast,
for kefir-derived strains, many of the protein-coding genes, and even the pseudogene
“archaeological records” of them, may be lost due to the long stay of these strains in a stable
SCOBY consortium of kefir grains.
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3.3.2. Functional Annotation and Pan-Genomic Analysis

To reveal the specific genomic features of the studied L. paracasei strains that poten-
tially could be associated with niche adaptations, functional annotations of the sequenced
genomes and their comparative (i.e., pan-genomic) analysis were performed. For all se-
quenced genomes, approximately 83% of all predicted CDSs were functionally annotated
by NCBI PGAP annotation pipeline [40], and approximately 76% were assigned to suitable
clusters of orthologous groups of proteins (COG) by the Anvi’o [45,46] anvi-run-ncbi-cogs
algorithm. Additionally, approximately 9% of all predicted CDSs were assigned to suitable
KEGG pathway modules by the Anvi’o anvi-run-kegg-kofams algorithm, and the com-
pleteness of the modules (i.e., the completeness of the metabolic pathway encoded by the
genes in these modules) was assessed by the Anvi’o anvi-estimate-metabolism algorithm.
The results of the functional annotations are summarized in Supplementary Table S1. The
comparison of the CDS content of the sequenced genomes and information about their
main differences are shown in Figure 7.

 

Figure 7. The Anvi’o diagram [45,46] representing the pan-genome analysis of kefir-derived (KF1 and
ABK) and mahewu-derived (MA2 and MA3) strains of L. paracasei. Gene clusters (four inner rings)
were ordered (inner dendrogram) according to their presence (solid color) or absence (grey color). The
fifth ring depicts gene clusters that received functional annotation from the NCBI PGAP annotation
pipeline [40], and the sixth ring depicts the binning of the pan-genome into core and accessory
genomes. The later was further subdivided into gene clusters unique to either kefir- or mahewu-
derived strains and strain-specific clusters (singletons). The heat map depicts the distribution by COG
categories of the genes unique to either kefir- or mahewu-derived strains (“niche-specific genes”);
niche-specific genes without an assigned COG category or assigned the “Unknown function” category
were excluded from the heat map.

Recently, to discuss the genomes of strains belonging to the same species, the concepts
of pan- and core genome have been introduced [57]. While the pan-genome is the union of
sets of genes from all considered genomes, the core genome is the intersection of these sets.
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All the genes from a pan-genome that do not belong to a core genome form an accessory
genome. The genes from pan-, core and accessory genomes are grouped into clusters of
homologous genes for further investigations [45,46].

For four sequenced L. paracasei strains, a total of 2592 gene clusters were identified in
the pan-genome (Figure 7), and the core genome consisted of 2086 gene clusters. While
1975 gene clusters from the core genome contained only genes that presented in a single
copy in each genome (i.e., single-copy orthologs), 111 clusters contained genes that pre-
sented in multiple copies in at least one of the studied genomes (i.e., paralogs). Importantly,
all gene clusters from the complete KEGG pathway modules belonged to the core genome.
This suggests that any strain-specific differences in the functional properties described in
Sections 3.2.3 and 3.2.4 are most probably the result of differing gene regulation, enzyme
activities or both.

Importantly, the major part of the accessory genome of the studied L. paracasei strains
consisted of gene clusters specific to either kefir- or mahewu-derived strains (Figure 7).
Most of these “niche-specific genes” were related to the Mobilome COG category, which is
closely related to genome stability. Although limited information regarding the genome
stability of different Lactobacillus spp. is currently available, there are several pieces of
evidences suggesting that genome stability influences trait stability to some extent and,
hence, can be linked with a niche adaptation [58–60]. Furthermore, many niche-specific
genes in L. paracasei genomes were related to transcriptional regulation, which again
suggests the regulatory nature of strain-specific differences in the functional properties
described in Sections 3.2.3 and 3.2.4. Additionally, the multitude of niche-specific genes
related to carbohydrate transport in the genomes of the mahewu-derived strains suggests
the presence of regulation not only at the transcriptional level but at the level of the
carbohydrate fluxes incoming into cells.

3.3.3. Genome Stability

As most of the niche-specific gene clusters belonged to the Mobilome COG category,
the genome stability of the L. paracasei strains was compared. The information about the
main markers of genome stability, the presence of mobile genetic elements, prophages and
plasmids [61], in the studied genomes of L. paracasei strains is shown in Table 3.

In terms of mobile genetic elements, the genomes of the kefir-derived strains carried
on average 50 insertion sequences (ISs), and 64 such sequences on average were annotated
in the genomes of the mahewu-derived strains. Genome analysis with ISFinder showed
that, in addition to the IS families IS3, IS5, IS30, IS256 and ISL3 found in the genomes of the
kefir-derived strains, the genomes of both mahewu-derived strains contained ISs from the
IS6 family, and the L. paracasei MA2 genome contained ISs from the IS1182 family. While
the majority of ISs detected in the genomes of the kefir-derived strains originated from
Lactobacillus spp. (mainly Lactobacillus rhamnosus and Lactobacillus casei), the ISs detected
in the genomes of the mahewu-derived strains mainly originated from Lactococcus lactis.
It should be noted that L. lactis is a common strain found in spontaneously fermented
mahewu [62–67]. Considering that the starter for the mahewu used in this study most
likely originated from some traditionally prepared mahewu, the presence of many ISs
from L. lactis in the genomes of the mahewu-derived strains can be explained by the close
interactions of these LAB species in the original spontaneous fermentation. Although the
exact role of ISs in the evolution of bacterial genomes is still debated, their general impact
on the architecture of microbial genomes is undeniable [68]. It can be hypothesized that,
due to the higher number of ISs, the genomes of the mahewu-derived strains have higher
genome instability (plasticity) than those of the kefir-derived strains.
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Table 3. Data on the genome stability of the kefir-derived (KF1 and ABK) and mahewu-derived (MA2
and MA3) strains of L. paracasei.

Strains of L. paracasei

KF1 ABK MA2 MA3

Insertion sequences
IS Family Origin BLAST hit

IS5 Lactobacillus rhamnosus ISLrh2 ISLrh2 ISLrh2 ISLrh2
IS5 Lactobacillus rhamnosus ISLrh3 ISLrh3 ISLrh3 ISLrh3
IS5 Lactobacillus casei ISLca2 ISLca2 ISLca2 ISLca2
IS3 Lactobacillus casei ISL1 ISL1 ISL1 ISL1
IS30 Lactobacillus plantarum ISLpl1 ISLpl1 ISLpl1 ISLpl1

IS3 Lactobacillus
sanfranciscensis IS153 IS153 IS153 IS153

ISL3 Leuconostoc mesenteroides IS1165 IS1165 IS1165 IS1165
IS30 Pediococcus pentosaceus ISPp1 ISPp1 ISPp1 ISPp1

IS256 Enterococcus hirae IS1310 IS1310 IS1310 IS1310
IS6 Leuconostoc mesenteroides - - IS1297 IS1297
IS6 Lactococcus lactis - - ISS1N ISS1N
IS6 Lactococcus lactis - - ISS1E ISS1E
IS6 Lactococcus lactis - - ISS1M ISS1M
IS6 Lactococcus lactis - - ISS1D ISS1D
IS6 Lactococcus lactis - - ISS1CH ISS1CH
IS6 Lactococcus lactis - - ISS1A ISS1A
IS6 Lactococcus lactis - - IS946V IS946V
IS6 Lactococcus lactis - - ISS1T ISS1T
IS6 Lactococcus lactis - - ISS1S ISS1S
IS6 Lactococcus lactis - - ISS1RS ISS1RS
IS6 Lactococcus lactis - - ISS1B ISS1B
IS6 Lactococcus lactis - - ISS1X ISS1X
IS6 Lactococcus lactis - - ISS1Z ISS1Z
IS6 Lactococcus garvieae - - ISLgar4 ISLgar4
IS5 Streptococcus thermophilus - - IS1194 -

IS1182 Streptococcus agalactiae - - ISSag8 -
IS1182 Streptococcus agalactiae - - IS1563 -

Prophages
Most common phage name Completeness Number of Total Proteins

PHAGE_Lactob_phijl1_NC_006936 Intact 57 59 - -
PHAGE_Lactob_BH1_NC_048737 Questionable 29 28 - -

PHAGE_Lactob_iLp84_NC_028783 Incomplete 18 18 - -
PHAGE_Staphy_phiPV83_NC_002486 Incomplete 9 10 - -

PHAGE_Staphy_SPbeta_like_NC_029119 Incomplete 22 19 23 19
PHAGE_Lactob_iLp1308_NC_028911 Incomplete 29 26 29 29
PHAGE_Lister_LP_101_NC_024387 Intact - - 19 19

PHAGE_Lactob_iA2_NC_028830 Intact - - 48 48
PHAGE_Lactob_Lc_Nu_NC_007501 Incomplete - - 16 16

Plasmids
Best BLAST hit Origin Presence

pLDW-11 Companilactobacillus
alimentarius DSM 20249 No No Yes Yes

The search for prophage-containing regions showed that the genomes of all studied
strains had only two incomplete prophage regions in common. The genomes of the kefir-
derived strains exclusively contained two regions with incomplete prophages, one region
with a questionable prophage and one region with an intact prophage. The genomes of
the mahewu-derived strains exclusively contained one region with incomplete prophages
and two regions with intact prophages. It should be emphasized that none of the studied
strains contained CRISPR arrays in their genomes and, consequently, they were equally
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vulnerable to the incorporation of prophages. However, based on the lower number of
intact prophages and the larger number of prophages inactivated by the accumulated
mutations, it can be proposed that the kefir-derived strains encountered a lower number of
recent prophage-incorporation events compared to the mahewu-derived strains.

In terms of extrachromosomal DNA, no plasmids were detected in the genomes of
the kefir-derived strains, while the genomes of the mahewu-derived strains contained
one 35.5 kbp plasmid. This plasmid encoded 39 genes, most of which were annotated as
unknown. According to the BLAST search, the closest plasmid was plasmid pLDW-11 from
Companilactobacillus alimentarius DSM 20249, with 96% sequence identity and 83% query
coverage. Although the typical habitat (if there is one) of C. alimentarius is unknown [23],
some of its strains were previously isolated from sourdough [69,70]. It can be proposed that
the horizontal transfer of the plasmid from C. alimentarius to the mahewu-derived strains
of L. paracasei occurred due to their interaction during the fermentation of corn inoculated
by wheat flour, which is a typical process in mahewu fermentation [64].

3.3.4. Bacteriocin Genome Content

There are several ways by which Lactobacillus spp. can inhibit growth of pathogenic
microorganisms and each other. While the inhibiting properties of organic acids and per-
oxide produced by Lactobacillus spp. in the process of fermentation have been known for
decades [71–73], production of specific antimicrobial proteins—bacteriocins—by these mi-
croorganisms is a relatively new discovery [74,75]. Bacteriocins are ribosomal synthesized
peptides with antimicrobial activity [76,77]. It is currently believed that Gram-positive
bacteria—in particular, LAB—produce bacteriocins with a broader spectrum of antimicro-
bial activity than Gram-negative bacteria, which produce bacteriocins that inhibit only a
number of specific microorganisms typically encountered in their habitat [78–80].

Genome analysis with BAGEL4 showed that all the studied strains of L. paracasei
contained in their genomes the following identical bacteriocin clusters (Table 4): Butyrivib-
riocin AR10, ComC/Lactococcin/LSEI_2386, Carnocin CP52 and LSEI 2163. Additionally,
the genomes of the kefir-derived strains exclusively contained the Enterolysin A bacte-
riocin cluster, while the genomes of the mahewu-derived strains exclusively contained
the ComC/Acidocin_8912/Acidocin A bacteriocin cluster. Hence, in total, both the kefir-
derived strains and the mahewu-derived strains possessed five bacteriocin clusters in
their genomes.

Table 4. Data on the bacteriocin genome content of the kefir-derived (KF1 and ABK) and mahewu-
derived (MA2 and MA3) strains of L. paracasei.

Bacteriocin-Containing Cluster
Strains of L. paracasei

KF1 ABK MA2 MA3

Butyrivibriocin AR10 Yes Yes Yes Yes
ComC/Lactococcin/LSEI_2386 Yes Yes Yes Yes

Carnocin CP52 Yes Yes Yes Yes
LSEI 2163 Yes Yes Yes Yes

ComC/Acidocin 8912/Acidocin A No No Yes Yes
Enterolysin A Yes Yes No No

Interestingly, in the work of Ghosh et al. [81], who analyzed 75 strains of L. paracasei,
the genomes of all studied strains contained two to three bacteriocin clusters on average,
and the highest number of such clusters (five) was detected only in four strains. Almost all
bacteriocin clusters detected in our strains were present in at least 40% of all the genomes
studied by Ghosh et al. [81]. The exceptions were the Butyrivibriocin AR10 cluster, which
was detected in the genomes of both kefir- and mahewu-derived strains, and the Acidocin
8912 cluster, which was detected only in the genome of the mahewu-derived strains. In the
work of Ghosh et al. [81], the Butyrivibriocin AR10 cluster was present in the genomes of 5
out of 75 strains and Acidocin 8912 in the genomes of 4 out of 75 strains. Thus, a distinctive
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feature of the genomes of both kefir-derived and mahewu-derived strains was the presence
of the Butyrivibriocin AR10 cluster, which is rarely observed in other L. paracasei strains. The
additional peculiarity of the mahewu-derived strains was the absence in their genomes of
the Enterolysin A bacteriocin cluster, which is relatively widespread among L. paracasei [81].

4. Conclusions

In this work, microbiological, biochemical and genomic analyses were utilized for
comparative characterization of L. paracasei strains isolated from such non-standard envi-
ronments as SCOBY—kefir grains (L. paracasei strains KF1 and ABK)—and the traditional
corn-based nonalcoholic beverage of South Africa mahewu (L. paracasei strains MA2 and
MA3). It was demonstrated that the biochemical and fermentation characteristics of the
strains correlated with their isolation source. Moreover, the genomic analysis demonstrated
that both kefir- and mahewu-derived strains possessed a number of gene clusters specific to
strains of the same origin. The majority of these niche-specific gene clusters belonged to the
Mobilome, Transcription and Carbohydrate Transport and Metabolism COG categories. It
was also shown that the mahewu-derived strains possessed more flexible genome content
(i.e., more pseudogenes, insertion sequences, intact prophages and plasmids) than the
kefir-derived strains. It was proposed that the relative stability of the genomes of the
kefir-derived strains reflects their long-term adaptation to the SCOBY environment.

From the technological perspective, all the studied strains demonstrated the ability to
produce functional fermented products with antioxidant and antihypertensive properties,
and the kefir-derived strains showed promising properties for their use in the recently
proposed long-term fermentation processes (which has been proposed to be able to increase
their resistance to gastrointestinal digestion and their intestinal adhesion ability). Addition-
ally, all studied strains demonstrated the ability to inhibit growth of common pathogenic
bacteria, which highlights their probiotic potential. Further studies of L. paracasei strains
isolated from non-standard environments and their characterization at several levels, in-
cluding metabolomic and proteomic, will not only provide a more complete picture of the
transitional (nomadic) lifestyle of this LAB species but also help in discovering new strains
that have potential health-promoting properties.
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Abstract: Greek yogurt is a strained yogurt with a high protein content that brings nutritional
benefits. To enhance the functional benefits of Greek yogurt, Greek yogurt was prepared with various
combinations of probiotic lactic acid bacteria (LAB) (Streptococcus thermophilus, Lactobacillus bulgaricus,
Lactobacillus gasseri BNR17, and Lactobacillus plantarum HY7714). Effects of probiotic LAB on quality,
sensory, and microbiological characteristics of Greek yogurt were then compared. Among samples,
Greek yogurt fermented by S. thermophilus and L. bulgaricus showed the highest changes of pH and
titratable acidity during 21 d of storage at 4 ◦C. Greek yogurt fermented with L. plantarum HY7714
had a higher viscosity than other samples. Greek yogurt fermented with S. thermophilus, L. bulgaricus,
L. gasseri BNR17, and L. plantarum HY7714 showed superior physicochemical properties and received
the highest preference score from sensory evaluation among samples. Overall, the population of
enterohaemorrhagic Escherichia coli (EHEC) was more effectively reduced in Greek yogurt fermented
with probiotic LAB than in commercial Greek yogurt during storage at 4, 10, and 25 ◦C. Thus, the
addition of L. gasseri BNR17 and L. plantarum HY7714 as starter cultures could enhance the microbial
safety of Greek yogurt and sensory acceptance by consumers.

Keywords: Greek yogurt; Lactobacillus gasseri BNR17; Lactobacillus plantarum HY7714; enterohaemor-
rhagic E. coli; preference test

1. Introduction

Greek yogurt is known as a healthy snack that can increase lean muscle mass and
decrease body fat [1]. The manufacture of Greek yogurt begins with homogenization of
standardized milk. The homogenized milk is then pasteurized and cooled at an incubation
temperature up to 40 ◦C. After a starter culture is inoculated, the yogurt gets a thicker
texture through a concentration step [1,2]. This “concentration” step can increase protein
content to be around 9–10% and give Greek yogurt a hard texture [3]. Protein in Greek
yogurt makes the perception of hunger lower and the time between meals longer [4].

Commercial yogurt is prepared with probiotics to help intestinal function, stabilize gut
microflora, and change compositions and numbers of intestinal microflora [5]. Lactobacil-
lus gasseri BNR17 originally isolated from human breast milk is known to inhibit weight
gain [6]. L. gasseri BNR17 can reduce the amount of food intake and 2 h postprandial blood
glucose [7]. L. gasseri BNR17 can also reduce levels of leptin and insulin [8], waist circumfer-
ences, hip circumferences, and visceral adipose tissues [9]. Lactobacillus plantarum HY7714
isolated from healthy infant feces is a registered probiotic that can prevent photoaging, re-
store procollagen, and increase the retention of water in the face and hand [10–13]. Recently,
Lee et al. [14] have reported that L. plantarum HY7714 can produce exopolysaccharides,
which can control tight junctions in intestinal epithelial cells and recover cytotoxicity and
hydration capacity in Hs68 cells induced by UVB irradiation. Although L. gasseri BNR17
and L. plantarum HY7714 are used to manufacture functional capsules or powder, neither L.
gasseri BNR17 nor L. plantarum HY7714 has been applied in the manufacturing of healthy
foods such as yogurt.
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Enterohaemorrhagic Escherichia coli (EHEC) has strong acid resistance and maintains
viability at low pH [15]. Acid resistance of EHEC has been clarified more due to the
outbreak of EHEC in yogurt, where the risk of foodborne pathogens is very low [16].
EHEC can survive well in yogurt at 4 and 10 ◦C for 21 d of storage [17]. Recently, the
antimicrobial effect of lactic acid bacteria (LAB) on E. coli has been reported [18,19]. LAB
shows antagonistic activities, expressing higher inhibition effects on E. coli and E. coli
O157:H7 than Salmonella typhimurium, S. Enteritidis, and Listeria monocytogenes [18]. Choi
et al. [19] have reported that Leuconostoc mesenteroides and L. plantarum can inhibit the
viability of E. coli O157:H7 in kimchi. Although consumers’ preference for Greek yogurt
is increasing, L. gasseri BNR17 and L. plantarum HY7714 have not been tested as starter
cultures for Greek yogurt manufacturing. Their effects as antimicrobial agents in various
functional foods remain unclear.

Therefore, the objective of this study is to manufacture new functional Greek yogurt
with L. gasseri BNR17 and L. plantarum HY7714 known to have various health benefits.
How each LAB affected the viscosity, consumer preference, and microbiological safety of
Greek yogurt at 4, 10, and 25 ◦C is also investigated.

2. Materials and Methods

2.1. Starter Culture for Preparation of Greek Yogurt

For Greek yogurt production, probiotic LAB including Streptococcus thermophilus (ST,
KCTC 3779), Lactobacillus bulgaricus (LB, KCTC 3635), Lactobacillus gasseri BNR17(KCTC
10902BP), and Lactobacillus plantarum HY7714 (KCTC 12400BP) were purchased from Korean
Collection for Type Cultures (KCTC). All strains were maintained at −80 ◦C in De Man,
Rogosa, and Sharpe broth (MRS, DifcoTM, Difco Laboratories, Detroit, MI, USA) with 20%
glycerol. Thawed ST was aerobically incubated at 42 ◦C overnight in an incubator. LB was
anaerobically incubated overnight at 36 ◦C using an anaerobic jar system (Don Whitley
Scientific Ltd., Bradford, UK). L. gasseri BNR17 and L. plantarum HY7714 were aerobically
incubated at 36 ◦C with shaking at 140 rpm in a rotary shaker (VS-8480SR, Vision). L. gasseri
BNR17 and L. plantarum HY7714 were centrifugated at 4500× g for 15 min (VS-550, Vision),
washed with sterile phosphate-buffered saline (PBS) twice, and resuspended to a final
concentration of 109 CFU/mL according to Kim et al. [11] with some modifications.

2.2. Preparation of Enterohaemorrhagic E. coli for the Safety Study

Enterohaemorrhagic E. coli (EHEC) strains (NCCP 13720, 13721), including E. coli
O157:H7 (NCTC 12079), were obtained from the Ministry of Food and Drug Safety (MFDS)
to investigate the effect of LAB probiotics on the behavior of EHEC in Greek yogurt at
various temperatures. Frozen strains were maintained at −80 ◦C with 20% glycerol in
tryptic soy broth (TSB, MB cell, Seoul, Republic of Korea). Then 10 μL of thawed EHEC
was inoculated into 10 mL of TSB and incubated at 36 ◦C in a rotary shaker at 140 rpm
overnight. After centrifuging at 4000× g for 10 min, the supernatant was removed, and the
pellet was washed with 10 mL of 0.1% sterilized peptone water (DifcoTM Peptone water,
Difco Laboratories). A cocktail of EHEC strains was prepared by resuspending them with
0.1% sterilized peptone water. Then 1 mL aliquot of EHEC was diluted with 0.1% sterilized
peptone water for inoculum.

2.3. Manufacturing of Greek Yogurt

Pasteurized whole milk by high-temperature short-time (HTST) was purchased from
a local market (Seoul, Republic of Korea) and heated in glass bottles at 42 ◦C in a water
bath (SB-1200, EYELA Co., Ltd., Shanghai, China). Four different Greek yogurts with various
combinations of starter culture (5% wt/wt) were prepared as follows: ST and LB as traditional
yogurt strains (T1, control), ST, LB, and L. gasseri BNR17 (T2), ST, LB, and L. plantarum
HY7714 (T3), and ST, LB, L. gasseri BNR17, and L. plantarum HY7714 (T4). All strains were
mixed in equal proportions. Fermentation of Greek yogurt was carried out at 42 ◦C until
pH was 4.4. Samples were then distributed into 250 mL polypropylene centrifuge bottles
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(Beckman Coulter AvantiTM, Indianapolis, IN, USA) and centrifuged at 4500× g for 15 min.
After Greek yogurt (60 g) was transferred to sterilized plastic cups, quality evaluation was
conducted every three days for 21 days of storage at 4 ◦C. A flow chart of the manufacturing
step for Greek yogurt is shown in Figure 1.

Figure 1. Flow chart of the manufacturing of Greek yogurt with four types of starter culture.

2.4. pH, Titratable Acidity, and Viscosity

The pH and titratable acidity were measured according to the method of AOAC [20].
Greek yogurt (10 g) was homogenized with 90 mL of distilled water using a stomacher
(Stomacher, Interscience, Saint-Nom-la-Bretèche, France). The pH was measured with a
benchtop pH meter equipped with a glass electrode (OrionTM Star A211, Thermo Fisher
Scientific Co., Waltham, MA, USA). Greek yogurt (5 g) was homogenized with 45 mL of
distilled water in a sterile filter bag to determine titratable acidity. Then 20 g of the filtrate
was titrated with 0.1 N NaOH using 0.5 mL of phenolphthalein indicator until pH reached
8.3. The titratable acidity was expressed as a percentage of lactic acid. It was calculated
as follows:

Titratable acidity (%) =
0.1 N NaOH (mL)× 0.1N NaOH factor × 0.009

Sample (g)
× 100. (1)

The viscosity of Greek yogurt was determined according to the method of Ghasempour
et al. [21] with modifications. Briefly, all samples were divided into glass bottles in equal
volumes. The viscosity of each sample was measured with RV-spindle No. 6 for 20 s at
10 rpm using a Brookfield viscometer (DV1, Brookfield Laboratories, Inc., Middleboro, MA,
USA). It was expressed as Pascal-second (Pa·s) and millipascal-second (mPa·s).
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2.5. Consumer Prefernce Test

The consumer preference test was performed following the rules of the Institutional
Review Board (IRB) to comply with bioethics (KHSIRB-21-354). Four Greek yogurt samples
(T1: ST and LB; T2: ST, LB, and L. gasseri BNR17; T3: ST, LB, and L. plantarum HY7714;
T4: ST, LB, L. gasseri BNR17, and L. plantarum HY7714) were stored at 4 ◦C before the
sensory test. Each sample (30 g) was scooped into paper cups labeled with 3-digit random
numbers, which were served monadically to the panelist with spring water and a spoon.
The consumer preference test was conducted by 60 panelists (44 women and 16 men) aged
between 20 and 68. The purpose of sensory evaluation and the direction of how to score the
sensory properties of samples (flavor, sweetness, sourness, viscosity, creaminess, mouthfeel,
and overall acceptance) were provided to participants (Table 1). Participants scored each
sample with a 7-point Hedonic scale (1 = dislike very much; 2 = dislike moderately;
3 = dislike slightly; 4 = neither like nor dislike; 5 = like slightly; 6 = like moderately, 7 = like
very much) [22].

Table 1. Sensory attributes of Greek yogurt.

Attribute Definition 1

Flavor The tangy and dairy-sour flavor
Sweetness The basic taste associated with sugar
Sourness The basic taste associated with acid
Viscosity The force required to move the spoon back and forth

Creaminess Smooth texture and behave like a fluid product.
Mouthfeel The physical sensation created by food in the mouth.

1 Terms were adapted from Desai et al. [23], Cayot et al. [24], and Greis et al. [25].

2.6. Microbiological Analysis

Enumeration of LAB in Greek yogurt was carried out by the standard plate counting
method. Each sample (10 g) was diluted 10-fold with 0.9% sterile saline solution (NaCl,
Duksan, Ansan-si, Republic of Korea). Then 1 mL of aliquot was inoculated onto MRS agar
and incubated at 36 ◦C for 48 h.

To analyze the behavior of EHEC in Greek yogurt, each sample made with different
probiotic LAB was aseptically divided in 10 g into 50 mL conical tubes (SPL Life Science Co.,
Pocheon-si, Republic of Korea) and compared with a commercial Greek yogurt (Foodis Plain
Greek yogurt, ILDONG Foodis Co., Seoul, Republic of Korea) as a control. The commercial
Greek yogurt was manufactured with complex lactic acid bacteria (15 × 1010/80 g). Each
Greek yogurt was inoculated with a cocktail of diluted EHEC at an initial level of 5~6 log
CFU/g and stored at 4, 10, and 25 ◦C. After an appropriate interval time, samples were
homogenized with 0.1% sterilized peptone water, and 1 mL of aliquot was serially diluted.
A diluted solution of EHEC was spread on eosin methylene blue agar (EMB agar, Oxoid)
and incubated at 36 ◦C for 24 h to analyze the behavior of EHEC in Greek yogurt. The
primary survival model of EHEC in Greek yogurt was applied to the Weibull model [26]
(Equation (1)) using the GinaFit V1.7 program [27]. Delta value (time for the first decimal
reduction) was then calculated.

Weibull equation : Log(N) = Log(N0)− (
t

delta
)

p
(2)

N0: log the initial number of cells.
t: time.
delta: time for the first decimal reduction.
p: shape (p > 1: concave downward curve; p < 1: concave upward curve; p = 1: log-linear).
The secondary model for delta value was developed, and the Davey model (Equation

(3)) was used to predict delta values as a function of temperature:

Davey model : Y = a + (b/T) + (c/T2) (3)
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a, b, c: constant.
T: temperature.

2.7. Statistical Analysis

All experiments were conducted three times or more. Results of this study were
subjected to ANOVA and Duncan’s multiple range test using SAS software ver. 9.4 (SAS
Institute, Inc., Cary, NC, USA). The significance was tested at p < 0.05 level.

3. Results and Discussion

3.1. Effect of Probiotic LAB on pH and Titratable Acidity

Changes in physicochemical characteristics of Greek yogurt at 4 ◦C during 21 d of
storage are shown in Figures 2 and 3. The pH and titratable acidity of traditional Greek
yogurt were 4.06 to 4.64 and 0.919 to 1.579%, respectively [28]. High acidity can negatively
affect the water-holding capacity and viscosity of yogurt [29]. After centrifugation, the pH
values of all samples decreased from 4.4~4.44 to 4.15~4.17 in this work. The pH of the Greek
yogurt made with ST and LB (T1) was further dropped from 4.167 to 3.843 after 21 d of storage,
while Greek yogurt made with ST, LB, and L. gasseri BNR17 (T2) had relatively constant pH
values (Figure 2). Overall, the pH decrease rate was low in Greek yogurt containing L. gasseri
BNR17 (T2 and T4) during 21 d of storage at 4 ◦C (Figure 3). The titratable acidity of all
Greek yogurt samples increased during 21 d of storage. The increase of titratable acidity
of Greek yogurt made with ST and LB (T1) was the highest (+0.780 ± 0.227) among all
samples (p < 0.05) during storage. The pH dropped while titratable acidity increased in
all Greek yogurt samples during storage in this study, similar to the results of previous
studies [30,31]. Greek yogurt made with L. gasseri BNR17 showed the least changes in pH
and titratable acidity during storage, indicating that L. gasseri BNR17 did not affect the
pH change of yogurt. Increased levels of L. rhamnosus GG decrease titratable acidity [32].
L. casei AST18 also inhibits the acidogenicity of a commercial yogurt starter [33]. These
results confirm that changes in the physicochemical characteristics of Greek yogurt can
be controlled by the kind of starter culture used during yogurt manufacturing. Adding
various probiotic LAB as starter cultures may contribute to the development of sensory
characteristics of a consumer-oriented product.

Figure 2. Change of physicochemical characteristics of Greek yogurt with different treatments during
storage for 21 days at 4 ◦C. S. thermophilus and L. bulgaricus (T1): x, S. thermophilus, L. bulgaricus and L.
gasseri BNR17 (T2): �, S. thermophilus, L. bulgaricus and L. plantarum HY7714 (T3): �, S. thermophilus,
L. bulgaricus, L. gasseri BNR17, and L. plantarum HY7714 (T4): �.
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(A) (B)

Figure 3. Increase rate of titratable acidity and viscosity (A), and decrease rate of pH and LAB
(B). Decrease rate = (final value − initial value)/initial value, Increase rate = (final value − initial
value)/initial value. T1: S. thermophilus and L. bulgaricus; T2: S. thermophilus, L. bulgaricus and L. gasseri
BNR17; T3: S. thermophilus, L. bulgaricus and L. plantarum HY7714; T4: S. thermophilus, L. bulgaricus,
L. gasseri BNR17 and L. plantarum HY7714. A–D Means values in the TA and pH categories with
different letters are significantly different (p < 0.05) a–c Means values in the viscosity and LAB
categories with different letters are significantly different (p < 0.05).

3.2. Effect of Probiotic LAB on Viscosity and LAB Population

Consumers favor Greek yogurt because of its unique firmness, dense texture, moderate
sweet aromatic, milk fat and dairy sour flavors, and moderately sour taste [23]. Thus,
viscosity is one of the most important quality characteristics of Greek yogurt. In the
present study, the viscosity of Greek yogurt ranged from 70.9 to 71.4 Pa·s (7.09 × 104 to
7.14 × 104 mPa·s) at 0 d after centrifugation. It was increased during 21 d of storage at
4 ◦C (Figure 2). Greek yogurt containing L. plantarum HY 7714 (T3 and T4) had the highest
viscosity at 21 d and the highest increase rate of viscosity during 21 d of storage among
samples (Figure 3) (p < 0.05). L. plantarum strains can produce exopolysaccharide (EPS), a
macromolecule composed of monosaccharide residues of sugar and sugar derivatives. EPS
can act as an important factor in the physicochemical and rheological properties of yogurt
due to its role as a natural concentrate agent and stabilizer [34,35]. Nambiar et al. [36] have
reported that EPS isolated from L. plantarum HM47 has high thermal stability and that it
can enhance the texture of yogurt at a low pH (4.0). In this work, L. plantarum HY 7714 also
increased the viscosity of Greek yogurt.

As shown in Figure 2, Greek yogurt had LAB populations above 108 CFU/g after a
concentration step. Yogurt should contain a minimum of 107 CFU/g of live and active
cultures [37]. The LAB population was well maintained above the criteria in Greek yogurt
at 4 ◦C during 21 d of storage in this work. Greek yogurt with ST, LB, and L. gasseri
BNR17 (T2) showed the lowest decrease in the LAB population (−0.022 ± 0.002) during
21 d of storage at 4 ◦C. However, no significant difference in the decreased extent of LAB
population was observed between T2 and T4 (ST, LB, L. gasseri BNR17, and L. plantarum
HY7714) (Figure 3). These results indicated that populations of probiotic LAB were well
maintained in Greek yogurt containing L. gasseri BNR17 during storage.

3.3. Antimicrobial Effect of Probiotic LAB on EHEC

Effects of LAB on the survival of EHEC in Greek yogurt stored at 4, 10, and 25 ◦C
are shown in Figure 4. At both 4 ◦C and 10 ◦C, the most rapid reduction of EHEC was
observed in Greek yogurt made with ST and LB (T1). On the other hand, populations
of EHEC were well maintained in all other Greek yogurt stored at 4 ◦C and 10 ◦C. At
25 ◦C, the most rapid reduction of EHEC was observed in Greek yogurt made with ST, LB,
and L. plantarum HY7714 (T3), in which EHEC was not detected after 4 d of storage. The
population of EHEC was maintained in commercial Greek yogurt up to 4 d of storage and
then rapidly decreased, indicating that the type of probiotic LAB could affect the behavior
of EHEC in Greek yogurt at ambient temperature. Ogwaro et al. [38] have manufactured
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yogurt with pasteurized full cream milk and found that E. coli O157:H7 can survive at 4 ◦C,
while there is no E. coli O157:H7 on the fifth day of storage time at 25 ◦C. Moineau-Jean
et al. [39] have also prepared Greek-style yogurt using centrifugation and ultrafiltration
methods. Ultrafiltration methods more effectively inhibited the viability of non-pathogenic
E. coli strains than traditional and centrifugation methods. In addition, E. coli had a lower
viability at 8 ◦C than at 4 ◦C (p < 0.05).

 

 

Figure 4. The effect of lactic acid bacteria on the survival of enterohemorrhagic Escherichia coli in Greek
yogurt at 4, 10, and 25 ◦C. S. thermophilus and L. bulgaricus (T1): X, S. thermophilus, L. bulgaricus and
L. gasseri BNR17 (T2): �, S. thermophilus, L. bulgaricus and L. planatarum HY7714 (T3): �, S. thermophilus,
L. bulgaricus, L. gasseri BNR17 and L. planatarum HY7714 (T4): �, Commercial Greek yogurt (ILDONG
Foodis Plain Greek yogurt): �.

Commercial Greek yogurt had higher delta values than other Greek yogurt prepared
in this work (p < 0.05), indicating that the highest survival ability of EHEC was observed in
commercial Greek yogurt at all temperatures. This trend was confirmed with delta values
as a function of temperature, which indicated how rapidly pathogens were killed with
an increase in temperature (Table 2). The low pH (4.52) and viscosity (59.6 ± 0.26 Pa·s,
5.96 × 104 ± 0.26 mPa·s) of commercial Greek yogurt might have affected the survival
ability of EHEC. On the contrary, EHEC died more quickly in Greek yogurt prepared with
various probiotic LAB in the present study. Especially, Greek yogurt made with ST and
LB (T1) had the lowest pH and delta values and the highest titratable acidity among all
samples (p < 0.05). The presence of lactic acid produced from LAB can control the growth
of E. coli O157:H7 in yogurt [40]. Hu et al. [41] have observed that organic acid produced
from L. plantarum exhibits antimicrobial activity against E. coli. E. coli O157:H7 was also
inhibited by reduced pH and lactic acid produced by L. acidophilus and L. casei [42]. Guraya
et al. [43] have reported that a pH below 4.1 can significantly inhibit the growth of EHEC in
yogurt. Moreover, cell-free supernatant of LAB strains, including Leuconostoc mesenteroides
and L. plantarum shows antimicrobial activities against EPEC, ETEC, and E. coli O157:H7 in
kimchi [19].
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Table 2. Delta values in Greek yogurt at 4, 10, and 25 ◦C.

Sample 1 Temperature

4 10 25

T1 1 15.47 ± 0.11 d 8.30 ± 0.23 e 1.63 ± 0.24 d

T2 40.93 ± 0.91 bc 24.90 ± 1.54 c 1.98 ± 0.06 c

T3 37.30 ± 3.34 c 19.69 ± 2.23 d 1.79 ± 0.05 d

T4 42.04 ± 1.51 b 31.06 ± 5.96 b 2.65 ± 0.18 b

Commercial 2 47.76 ± 6.16 a 36.77 ± 2.67 a 5.00 ± 0.07 a

1 T1: Fermented by S. thermophilus and L. bulgaricus, T2: Fermented by S. thermophilus, L. bulgaricus and L. gasseri
BNR17, T3: Fermented by S. thermophilus, L. bulgaricus and L. plantarum HY7714, T4: Fermented by S. thermophilus,
L. bulgaricus, L. gasseri BNR17, and L. plantarum HY7714. 2 ILDONG Foodis Plain Greek yogurt. a–e Means values
in the same column with different letters are significantly different (p < 0.05).

3.4. Consumer Preference Test

Consumer preference test results of Greek yogurt are shown in Table 3. There were
no significant differences in flavor scores of Greek yogurts among all samples, indicating
that the panelist did not recognize the difference in the flavor of Greek yogurts prepared
in this work. The average preference score for the flavor of Greek yogurts ranged from
4.82 to 5.08. Overall, Greek yogurt made with ST, LB, L. gasseri BNR17, and L. plantarum
HY7714 (T4) had the highest preference scores of all sensory properties, including flavor
(5.08), sweetness (5.05), sourness (5.3), viscosity (5.42), creaminess (5.68), mouthfeel (5.87),
and overall acceptability (5.8). Among sensory preference scores, scores for the sourness
and overall acceptability of Greek yogurt (T4) were significantly higher than those of other
Greek yogurt samples (p < 0.05). For sourness, T4 (5.3) had the highest preference score,
followed by T2 (4.75), T3 (4.42), and T1 (4.37) (p < 0.05). These results are related to the
titratable acidity of Greek yogurt. The highest titratable acidity of Greek yogurt made
with ST and LB (T1) received the lowest preference score for sourness. Greek yogurt
containing L. gasseri BNR17 or/and L. plantarum HY7714 (T2, T3, T4) received higher scores
of sweetness and sourness than Greek yogurt containing only traditional starter culture
(T1). Although there were no significant differences in viscosity scores among samples, T4
had the highest viscosity score (5.42) among all samples, followed by T3 (5.28), T2 (5.25),
and T1 (5.15). T4 also had the highest scores for creaminess (5.68) and mouthfeel (5.87),
followed by T3 (5.55 and 5.57), T2 (5.4 and 5.4), and T1 (5.18 and 5.3). Lastly, Greek yogurt
containing both L. gasseri BNR17 and L. plantarum HY7714 (T4) had the highest score for
overall acceptability (5.8), which indicates “like moderately”, followed by T2 and T3 with
the same score (5.2) and T1 (4.78) (p < 0.05). These results show that using L. gasseri BNR17
and L. plantarum HY7714 as starter cultures in Greek yogurt manufacturing can improve
various sensory qualities of yogurt, which are closely related to consumer preference and
acceptability. Moreover, the highest preference sensory score for T4 among samples might
be attributed to the combination of various probiotic LAB in T4. Coggins et al. [44] have
found that taste and texture rather than flavor or appearance make a difference in the
preference for yogurt. Aroma, sweetness, sourness, chalky mouthfeel, and viscosity are
also significant factors affecting the preference for yogurt drinks [45].
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Table 3. Sensory scores of Greek yogurts with different starter cultures by Consumer preference test.

Sample 2

Sensory Scores 1

Flavor Sweetness Sourness Viscosity Creaminess Mouthfeel
Overall

Acceptability

T1 5.03 ± 1.35 4.23 ± 1.47 b 4.37 ± 1.58 b 5.15 ± 1.30 5.18 ± 1.26 b 5.30 ± 1.45 b 4.78 ± 1.56 b

T2 4.98 ± 1.35 4.77 ± 1.21 a 4.75 ± 1.27 b 5.25 ± 1.04 5.40 ± 1.17 ab 5.40 ± 1.18 b 5.20 ± 1.33 b

T3 4.82 ± 1.41 4.77 ± 1.20 a 4.42 ± 1.36 b 5.28 ± 1.01 5.55 ± 1.11 ab 5.57 ± 1.21 ab 5.20 ± 1.27 b

T4 5.08 ± 1.33 5.05 ± 1.47 a 5.30 ± 1.34 a 5.42 ± 1.12 5.68 ± 1.11 a 5.87 ± 0.96 a 5.80 ± 1.13 a

1 1 = dislike very much; 2 = dislike moderately; 3 = dislike slightly; 4 = neither like nor dislike; 5 = like slightly;
6 = like moderately, 7 = like very much. 2 T1: fermented by S. thermophilus and L. bulgaricus, T2: fermented by
S. thermophilus, L. bulgaricus and L. gasseri BNR17, T3: fermented by S. thermophilus, L. bulgaricus and L. plantarum
HY7714, T4: fermented by S. thermophilus, L. bulgaricus, L. gasseri BNR17 and L. plantarum HY7714. a,b Means
values in the same column with different letters are significantly different (p < 0.05).

LAB can change carbohydrates into lactic acid or other metabolites, caseins into
peptides and free amino acids, and milk fat into free fatty acids during fermentation. These
mechanisms make the unique flavor of yogurt [46,47]. Leuconostoc strains are preferred to
increase the butter-like flavor of yogurt due to diacetyl, acetic acid, and ethanol produced
during fermentation [48]. Bifidobacteria contribute to the production of acetaldehyde
and acetoin with effects on the overall flavor quality of yogurt [49]. When quantitative
descriptive analysis and consumer preference evaluation were performed to compare six
conventional yogurt samples and three probiotic yogurt samples, probiotic yogurt samples
had higher scores of sweet taste, creaminess, and overall sensory quality than conventional
yogurt samples. This result appeared to be due to the high preference for probiotic yogurt
samples for the degree of uniformity of particles and viscosity in the mouth [50]. Recently,
higher preferences for color and overall taste of probiotic yogurt samples containing
L. fermentum KU200060 than control yogurt have been also reported [51]. Additionally,
a combination of L. rhamnosus GG, L. plantarum NK181, or L. delbeuckii KU200171 with a
traditional starter culture led to high scores of tastes, texture, flavor, and overall preferences
given by trained panelists [52]. In the study of Desai et al. [23], consumer preferences were
not significantly different between traditional strained yogurt and fortified Greek yogurt.
However, the results of the quality property and consumer preference test in this study
confirmed that the use of L. gasseri BNR17 and L. plantarum HY7714 as starter cultures
could enhance consumers’ preference for Greek yogurt.

4. Conclusions

Streptococcus thermophilus (ST), Lactobacillus bulgaricus (LB), Lactobacillus gasseri BNR17,
and Lactobacillus plantarum HY7714 were used to evaluate the combined effects of various
probiotic LAB on the quality and safety aspects of Greek yogurt. The pH and titratable
acidity of Greek yogurt made with ST, LB, L. gasseri BNR17, and L. plantarum HY7714
(T4) was kept relatively constant. In contrast, Greek yogurt made with ST and LB (T1)
showed significant changes in pH and titratable acidity (p < 0.05), leading to the lowest
preference scores for all sensory attributes. Greek yogurt containing L. plantarum HY7714
(T3 and T4) had high viscosity, consistent with the results of the viscosity score in the
consumer preference test. At 4 ◦C and 10 ◦C, the most effective antimicrobial effect against
EHEC was observed with T1 due to its low pH and high titratable acidity. At 25 ◦C, EHEC
showed low viability in Greek yogurt containing L. gasseri BNR17 and L. plantarum HY7714
than in commercial Greek yogurt (p < 0.05). Sensory panelists preferred Greek yogurt
containing L. gasseri BNR17 and L. plantarum HY7714 (T4) over other samples. Thus, it
is concluded that using probiotic LAB such as L. gasseri BNR17 and L. plantarum HY7714
as starter cultures for Greek yogurt manufacturing can enhance consumers’ preference
and functionality.
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Abstract: Considering the need for functional foods and the use of by-products of the food industry,
a potentially functional ice cream was developed, using soy extract, soy kefir and dehydrated
jaboticaba peel. Five ice creams were produced using soy kefir (K) and soy extract (S): (1) GS—100% S;
(2) GK1-75% S/25% K; (3) GK2-50% S/50% K; (4) GK3-25% S/75% K and (5) GK-100% K; The products
were evaluated by physicochemical, microbiological and sensory (check all that apply) analyses.
The addition of kefir was found to increase the acidity of the products. The concentrations of total
phenolic compounds in the formulations with kefir were approximately ten times higher than the
GS formulation. All products presented concentrations of thermotolerant coliforms <3 NMP/g and
absence of Salmonella ssp. The viability of Lactobacillus ssp., Streptococcus spp. and Bifidobacterium
ssp. was higher than 10 log CFU/g during the whole storage period. The GS and GK1 formulations
had the lowest scores, while GK ice cream was preferred. The formulations showed distinct sensory
profiles in the CATA, and the ice cream with 100% kefir was associated with desirable attributes. The
ice creams exhibited microbiological and sensory characteristics that meet the expectations of the
product’s target audience.

Keywords: probiotic; ice cream; soy extract

1. Introduction

Consumer demand for a healthy and balanced diet has driven the food industry to
seek alternatives that can meet this demand. Among the products developed focusing on
this market are those with reduced trans-fat and sodium content, whole foods and organic,
vegan and functional foods, including probiotics [1].

Kefir is defined as a “fermented milk produced by inoculating kefir grains or starter cul-
ture, composed of Lactobacillus kefir, species of the genera Leuconostoc spp., Lactococcus spp.
and Acetobacter spp. and lactose-positive and/or lactose-negative yeasts, which grow
synergistically” [2]. This beverage is recognized worldwide as an excellent source of
microorganisms, which have potential health benefits. The microorganisms present in
kefir and the products of their symbiotic relationship are related to antimicrobial, anti-
inflammatory and anti-allergic effects attributed to the beverage [3–6].

Cow’s milk kefir is the most popular beverage, but its consumption is limited for
lactose-intolerant, dairy-allergic and vegan people, indicating the need to adapt the culture
to non-dairy substrates, especially those obtained from cereals and legumes [7].

The water-soluble soy extract can be used as a substitute for cow’s milk, due to its
good nutritional profile and lactose-free characteristic, for use in products intended for
consumers that are lactose-intolerant or allergic to milk protein [8]. The soy extract is mainly
consumed as a ready-to-drink beverage or as an ingredient used in various formulations
such as flavored drinks, fermented drinks and desserts, including ice cream [9].
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Ice cream is a frozen product obtained from an emulsion of fats and proteins or a
mixture of water and sugar, allowing the addition of other ingredients, which does not
de-characterize the product. This frozen dessert is widely accepted by consumers, with a
worldwide consumption per capita of 5.29 L [10,11].

Due to changes in the population’s eating habits, the market for vegetable-based ice
creams has expanded, with the incorporation of fruits with functional components, such as
carotenoids, fibers and phenolic compounds.

Among Brazilian fruits, the jaboticaba stands out for having a sweet and slightly
spicy flavor and dark purple peel, rich in minerals, vitamin C, soluble fiber and phenolic
compounds (especially anthocyanins). Such compounds can be used as a natural dye and
have antioxidant properties, with potential beneficial effects on health, such as modulation
of the lipid profile and anti-inflammatory and anti-atherogenic properties [12].

The modification of the raw material and ingredients used in the preparation of ice
cream can affect the textural properties, flavor, color and product acceptance. Thus, the
aim of this work was to develop a potentially functional ice cream, from soy extract,
soy kefir and dehydrated jaboticaba peel, which can be consumed by lactose-intolerant,
milk-protein-allergic and vegan individuals.

2. Materials and Methods

2.1. Material
2.1.1. Obtaining Soy Kefir

The soy extract was obtained from the Soy Derivatives Production and Development
Unit (Universoja—FCF—UNESP Araraquara) [13]. The soy extract was fermented by a
mixed starter culture (CHOOZIT Kefir DC LYO 1000 L), kindly provided by DANISCO
(DuPont, Paulinia—SP, Brazil). After the addition of sucrose (10 g per liter), the soy extract
was heated to 95 ± 3 ◦C for 30 min, cooled to 25 ± 2 ◦C and inoculated with the commercial
starter culture (0.005 g/L). The mixture was incubated at 37 ± 2 ◦C until a pH of 4.80
was reached.

2.1.2. Production of Dehydrated Jaboticaba Peel Flour

The ripe fruits were purchased from local producers of Araraquara-SP in August and
October 2018, the jaboticaba’s harvest period. The fruits were selected, sanitized in an
aqueous sodium chloride solution (100 mg/L) for 30 min and rinsed in running water.
The residue was dehydrated in ovens equipped with air circulation at 60 ◦C to constant
moisture content (12.05 ± 0.27 g/100 g). Subsequently, the dehydrated residue was ground
in a food processor, placed in glass jars covered with aluminum foil and stored at room
temperature until use.

2.1.3. Production of the Ice Cream

Five ice creams were produced, with different concentrations of soy kefir and soy
extract Table 1. The following ingredients were used (g/100 g wet basis): 1.3 g of glucose,
1.0 g of emulsifier (Emustab), 0.80 g of dehydrated jaboticaba peel and 5.0 g of condensed
soy milk. After homogenizing the ingredients for five minutes, the mixture was left to rest
for 24 h, which corresponds to the maturation period. Then it was frozen and air incorporated
(overrun) in a ice cream maker (MDG, model MH 80/100—São Carlos- Brazil).

Table 1. Formulations with different concentrations of soy extract (GS) and soy kefir (GK) (g/100 g
wet basis).

Ingredients
Formulations (g/100 g Wet Basis)

GS GK1 GK2 GK3 GK

Soy extract 100.0 75.0 50.0 25.0 -
Kefir - 25.0 50.0 75.0 100.0
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2.2. Methods

The formulations were processed on two separate occasions and evaluated during a
90-day storage period at −24 ± 2 ◦C. The proximate composition of the ice creams was
determined in the freshly processed product, and the microbiological safety and viability
of the potentially probiotic microorganisms were monitored at 15-day intervals. The other
parameters (color, phenolic compounds, antioxidant activity, anthocyanin concentration
and sensory profile) were evaluated immediately after preparation (T0) and at the end of the
storage period (T90). The physicochemical and microbiological analyses were performed
in triplicate.

2.2.1. Microbiological Analyses

Serial decimal dilutions were performed up to 10−8 (25 g of ice cream in 225 mL of
sterile 0.1% peptone water). Microbiological quality was evaluated by the enumeration
of coliforms at 45 ◦C, using the most probable number (MPN) assay [14] and detection of
Salmonella spp. [15]. The population of potentially probiotic microorganisms was performed
by plating on specific culture media: Lactobacillus spp.—Lactobacilli Man Rogosa Sharpe
ágar—MRS (Difco, França), Streptococcus spp.—M17 ágar and Bifidobacterium spp.—BIM-25
(Reinforced Clostridium Ágar—Difco, França—with the addition of nalidixic acid,
polymyxin B sulfate, kanamycin sulfate, iodoacetic acid and triphenyl tetrazolium chloride),
respectively—using the microdroplet technique [16]. MRS and M17 plates were incubated
in aerobiosis at 37 ◦C/48 h and BIM-25 plates in anaerobiosis at 37 ◦C/72 h [17]. Yeast
enumeration was performed by surface plating on the Yeast Malt medium (YM, Himedia,
India) with added chloramphenicol (200 mg/L) and incubation at 22 ◦C/72–120 h. The
results were expressed as colony-forming units per gram (CFU/g).

2.2.2. Physicochemical Analyses
Proximate Composition, Caloric Value, pH and Titratable Acidity

The moisture, ash, protein and lipid contents were determined according to the
Analytical Standards of the Adolfo Lutz Institute [18]. Total carbohydrate content was
determined by difference [19]. The caloric value of the ice cream was estimated from the
carbohydrate (4 kcal/g), protein (4 kcal/g) and fat (9 kcal/g) contents, and the result was
expressed in kcal per 100 g. The pH was determined by a potentiometric method using
a digital pH meter and the titratable acidity by titration with 0.1 N sodium hydroxide
solution and expressed as % lactic acid [18].

Total Phenolic Compounds and Total Antioxidant Activity

The ice cream sample for the determination of phenolic compounds, antioxidant ac-
tivity and anthocyanin were freeze-dried to preserve their characteristics in the evaluated
time periods. The extracts for the determination of total phenolic compounds and antioxi-
dant activity were obtained according to the procedure described by Karaaslan et al. [20].
The quantification of total phenolic compounds was performed by the Folin–Ciocalteu
method [21]. Briefly, in a volumetric flask, the ice cream sample (0.1 mL), Folin–Ciocalteau
reagent (0.5 mL), 20% sodium carbonate solution (1.5 mL) and distilled water were added
to obtain a final volume of 10 mL. The mixture was kept at rest for two hours, and the
absorbance was read at room temperature in a spectrophotometer (Shimadzu UV-Vis
1800/08302) at 765 nm. The results were expressed as milligrams of gallic acid equivalents
(mgGAE) per 100 g of sample.

The antioxidant capacity was determined by capturing the ABTS free radical reaction
according to the application used by Rufino et al. [22]. For the extract preparation, 20 mL
of 50% methanol was added to one gram of the sample, followed by homogenization in
Ultra-Turrax (IKA®/T25 digital, Staufen, Germany) and incubation for 60 min. The extract
was centrifuged (25,400 G/15 min) and the supernatant was stored in an amber flask. Then,
the operation was repeated using 70% acetone. In a place without light, the obtained
extracts were diluted, and a 100 μL aliquot of each dilution was mixed with 1.0 mL of the
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ABTS radical. After homogenization, the samples were left to stand for six minutes, and an
absorbance reading was performed at 734 nm in a spectrophotometer (Shimadzu UV-1800).
The analyses were performed in triplicate and the results are expressed in μmol Trolox/g.

Anthocyanin’s Quantification

For the extraction of anthocyanins, 0.5 g of freeze-dried ice cream samples were diluted
(1% HCL methanolic solution), homogenized (Ultra-Turrax®) [23] and vacuum filtered
(Millex LCR 0.45 μm, 13 mm filter) [24]. The extractions were repeated until the color of the
samples disappeared, and the obtained extracts were stored at 7 ± 1 ◦C for further analysis.
The identification and quantification of anthocyanins were carried out by HPLC [25], using
a chromatograph (Agilent®, Series 1100, Santa Clara, CA, USA) equipped with a quaternary
pump system and UV-visible detector. A C18 Shim-pak CLC-ODS reverse-phase column
(5 μm, 250 × 4.6 mm) was used for the separation of anthocyanins, and the mobile phase
consisted of a linear elution gradient of formic acid (5%) and methanol, respecting the ratio
of 85:15 (v/v) to 20:80 over 25 min, maintained for 15 min. The flow rate of the mobile
phase, the injected volume and the column temperature used were 1.0 mL·min−1, 5 μL
and 29 ◦C, respectively. The chromatograms were processed at 520 nm, and standard
curves—constructed from standards of cyanidin 3-glycoside and delphinidin 3-glycoside
(Sigma-Aldrich, St. Louis, MI, USA)—were used for the quantification.

Instrumental Color Determination

The color parameters of the samples were determined in a Konica Minolta portable
colorimeter (CR-410) using illuminant D65 and 10◦ visual angle—using the CIEL L * a * b *
system—whereas the chroma and hue values were calculated based on parameters a * and
b * [22].

Sensory Analysis

A total of 115 consumers (33 men and 82 women, aged between 18 and 59 years old)
participated in the acceptance [26] and Check All That Apply tests (CATA). Participants
were recruited from students and staff at the School of Pharmaceutical Sciences at UNESP—
Araraquara, through questionnaires applied to assess allergies, intolerances or diseases
that prevented participation in the tests and to identify aversion to any ingredient of the ice
cream. The samples were labeled with 3-digit codes and presented monadically in random
order. Data collection took place at the Sensory Laboratory of the School of Pharmaceutical
Sciences in sensory booths with controlled temperature (23 ± 2 ◦C) and white lighting. The
sensory analysis was approved by the Research Ethics Committee (REC 003167/2019).

The attributes of appearance, aroma and flavor were evaluated in the acceptance test
using a nine-point structured hedonic scale, ranging from “I liked it a lot” to “I disliked
it a lot” [27]. In the purchase-intention test, a five-point nominal category scale was
used, ranging from “would definitely buy the product” to “would definitely not buy the
product” [28].

Consumers were instructed to fill out a CATA questionnaire, containing attributes or
phrases describing the ice cream samples [29]. Such attributes or phrases were previously
generated using the grid method by ten trained assessors habituated to eating soy-based
products and performing descriptive testing. The final list of attributes was defined in
consensus with the assessor’s team [30]. Consumers were instructed to point out any
attributes they considered suitable to describe the ice cream samples.

2.2.3. Statistical Analysis

The data from microbiological and physicochemical tests were evaluated by analysis
of variance and Tukey’s test of means or a t test, (p < 0.05). The acceptance test results
were analyzed by analysis of variance, considering the sample and consumers as sources of
variation, and Tukey’s test of means (p < 0.05). For the CATA, the frequency of indication
of each term was determined, and the Cochran Q test was applied to identify significant
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differences among samples for each of the sensory attributes. Furthermore, Multiple
Correspondence Analysis (MCA) was performed on the frequency table, containing the
samples in rows and the CATA questionnaire terms in columns.

3. Results and Discussion

3.1. Microbiological Analyses

GS, GK1, GK2, GK3 and GK ice creams showed the absence of Salmonella spp. and had
coliform counts at 45 ◦C < 3 NMP/g during the storage period (90 days), being considered
safe for human consumption [14]. Regarding the potentially probiotic microorganisms, it
was not possible to detect the presence of yeasts in the ice creams after 0, 15 and 30 days of
storage at −22 ◦C ± 2. However, after 45 days of storage, the yeast count was above 8 log
CFU/g for all the formulations, indicating a possible adaptation to the product conditions.
The population of Bifidobacterium spp., Lactobacillus spp. and Streptococcus spp. was higher
than 10 log CFU/g in all formulations throughout the storage period. Conventionally,
kefir is prepared with cow’s milk, an ideal medium for lactic fermentation. In this study,
replacing cow’s milk with soy extract did not reduce the viability of potentially probiotic
bacteria, indicating an adaptation of the starter culture to the ice cream ingredients and pro-
cessing conditions (Table 2). Santos et al. [31] also observed high counts of Lactococcus spp.,
Lactobacillus spp. and yeasts in soymilk kefir with prebiotic addition, after 28 days of
storage. Likewise, Walter et al. [32] verified that Bifidobacterium animalis subsp. lactis BB-12
and Lactobacillus acidophillus LA-5 populations remained stable during the storage period
using different soy-based raw materials (soybean of the BRS 232 cultivar and commercial
soy powder extracts obtained by liquid extraction and solid extraction) to produce kefir.

Table 2. Viability of yeasts, Bifidobacterium spp., Lactobacillus spp. and Streptococcus spp. in ice cream
during storage at −22 ◦C ± 2.

Formulations Time (Days)
Yeasts

Log UFC/g
Bifidobacterium spp.

LogUFC/g
Lactobacillus spp.

Log UFC/g
Streptococcus spp.

Log UFC/g

GK1

0 <1 10.46 abc ± 0.07 10.60 a ± 0.07 10.79 a ± 0.02
15 <1 10.38 bc ± 0.04 10.49 ab ± 0.02 10.76 ab ± 0.02
30 <1 10.32 c ± 0.04 10.32 bc ± 0.02 10.73 abc ± 0.01
45 8.93 a ± 0.20 10.31 c ± 0.02 10.35 bc ± 0.07 10.69 bcd ± 0.02 b

60 8.72 a ± 0.20 10.48 ab ± 0.04 10.42 ab ± 0.12 10.65 cde ± 0.03
75 8.30 a ± 0.00 10.55 a ± 0.05 10.30 bc ± 0.07 10.62 de ± 0.03
90 8.30 a ± 0.00 10.49 ab ± 0.10 10.21 c ± 0.08 10.57 e ± 0.04

GK2

0 <1 10.58 a ± 0.02 10.57 a ± 0.06 10.77 a ± 0.01
15 <1 10.49 ab ± 0.05 10.53 ab ± 0.07 10.74 ab ± 0.01
30 <1 10.37 bc ± 0.08 10.41 abc ± 0.11 10.71 abc ± 0.02
45 9.77 a ± 0.21 10.34 bc ± 0.07 10.26 bcd ± 0.10 10.68 bcd ± 0.03
60 9.36 b ± 0.10 10.41 abc ± 0.10 10.29 abcd ± 0.01 10.64 cde ± 0.04
75 9.60 a ± 0.00 10.34 bc ± 0.05 10.15 cd ± 0.14 10.60 de ± 0.04
90 9.30 b ± 0.00 10.29 c ± 0.01 10.03 d ± 0.14 10.56 e ± 0.04

GK3

0 <1 10.52 a ± 0.07 10.55 a ± 0.11 10.75 a ± 0.02
15 <1 10.38 a ± 0.11 10.47 ab ± 0.02 10.71 ab ± 0.02
30 <1 10.32 a ± 0.07 10.31 bc ± 0.02 10.68 abc ± 0.03
45 9.92 a ± 0.08 10.40 a ± 0.09 10.31 bc ± 0.02 10.64 bcd ± 0.03
60 9.70 ab ± 0.17 10.48 a ± 0.05 10.27 bc ± 0.04 10.60 cd ± 0.03
75 9.36 b ± 0.10 10.41 a ± 0.05 10.14 cd ± 0.12 10.56 de ± 0.03
90 9.40 b ± 0.17 10.35 a ± 0.06 10.06 d ± 0.10 10.50 e ± 0.04
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Table 2. Cont.

Formulations Time (Days)
Yeasts

Log UFC/g
Bifidobacterium spp.

LogUFC/g
Lactobacillus spp.

Log UFC/g
Streptococcus spp.

Log UFC/g

GK

0 <1 10.48 a ± 0.09 10.57 a ± 0.08 10.79 a ± 0.03
15 <1 10.35 ab ± 0.08 10.46 ab ± 0.09 10.77 ab ± 0.03
30 <1 10.29 b ± 0.01 10.38 ab ± 0.11 10.74 ab ± 0.03
45 9.77 a ± 0.21 10.34 ab ± 0.07 10.37 ab ± 0.08 10.70 abc ± 0.03
60 9.46 a ± 0.15 10.40 ab ± 0.07 10.43 ab ± 0.13 10.66 bcd ± 0.04
75 9.60 a ± 0.00 10.48 ab ± 0.07 10.34 ab ± 0.04 10.62 cd ± 0.04
90 9.56 a ± 0.07 10.34 ab ± 0.03 10.29 b ± 0.01 10.58 d ± 0.04

Means (±standard deviation) followed by different lowercase letters in the same column differ statistically from
each other, according to the Tukey test (p ≤ 0.05). GS (100% S), GK1 (75% S, 25% kefir), GK2 (50% S, 50% kefir),
GK3 (25% S, 75% kefir), GK (100% kefir). Average of the triplicate of two different processes.

Ice cream’s processing steps, such as homogenization, churning and the consequent
incorporation of oxygen, as well as low storage temperatures, may result in decreasing
the population of beneficial microorganisms. Temperature fluctuations during storage,
resulting in the formation of ice crystals, can also reduce the survival of strains [32].
However, in the present work, the bacteria and yeast from the kefir starter culture were
resistant to the stress conditions of the process, requiring no additional strategies to
protect them.

There is no consensus about an appropriate dose of probiotic organisms required
to achieve beneficial effects. According to the International Scientific Association for
Probiotics and Prebiotics (ISAPP), all developed ice creams should be designated as a
product “containing live and active cultures”. These products could not be considered a
probiotic since they have a diverse microbial community that is not completely defined,
in terms of the composition and stability of the strains, and without proof of beneficial
effects. All ice cream also showed a minimum of 9 log CFU per serving, as suggested by
ISAPP [33].

3.2. Physicochemical Analyses

The results of the physicochemical analyses are presented in Table 3. Overall, kefir
caused a decrease in the pH values and an increase in the titratable acidity of the ice creams.
This effect was expected since kefir is a product fermented by lactic and acetic bacteria,
which metabolizes carbohydrates and produces acids, mainly lactic, acetic, citric, propionic
and butyric acids [34,35].

Table 3. Physicochemical analysis and caloric value of the five ice cream formulations (g/100 g).

Formulations pH Acidity % Ashes Protein % Lipid % Moisture % Carbohydrates % Kcal/100 g

GS 6.15 a ± 0.05 6.36 b ± 0.36 0.64 d ± 0.00 4.55 a ± 0.24 3.82 a ± 0.51 80.25 a ± 0.14 11.36 c ± 0.14 98.02 c ± 3.17
GK1 4.92 c ± 0.02 10.06 a ± 0.32 0.72 b ± 0.01 5.33 a ± 0.04 4.24 a ± 0.39 74.91 b ± 1.52 15.49 b ± 1.35 121.44 b ± 7.91
GK2 5.04 b ± 0.02 10.61 a ± 0.09 0.77 a ± 0.01 5.11 a ± 1.25 3.32 a ± 0.42 72.70 c ± 0.18 18.16 b ± 1.47 122.96 b ± 5.77
GK3 4.92 c ± 0.01 10.86 a ± 0.15 0.76 a ± 0.01 5.74 a ± 0.10 3.67 a ± 0.89 73.36 bc ± 0.36 17.20 b ± 1.08 124.79 b ± 3.72
GK 4.76 d ± 0.06 10.92 a ± 0.11 0.68 c ± 0.01 5.37 a ± 0.02 3.52 a ± 0.45 69.62 d ± 0.33 21.59 a ± 0.12 139.52 a ± 0.38

Means (±standard deviation) followed by different lowercase letters in the same column differ statistically from
each other, according to the Tukey test (p ≤ 0.05). GS (100% S), GK1 (75% S, 25% kefir), GK2 (50% S, 50% kefir),
GK3 (25% S, 75% kefir), GK (100% kefir). S = soy extract. Average of the triplicate of two different processes.

Kefir also caused a significant decrease in the moisture content of the ice cream (moisture
GK = 69.61 ± 0.33 g/100 g and GS = 80.25% ± 0.14 g/100 g), and this result was expected
because kefir has a lower moisture content than soy extract (Kefir: 84.47 ± 0.18 g/100 g;
soy extract 94.25 ± 0.08 g/100 g). The GK formulation (100% kefir) showed the highest
carbohydrate content (21.59 ± 0.12 g/100 g), differing from the other formulations produced
with a mixture of kefir and soy extract. This behavior is explained by the addition of sugar
(10% w/v) to the soy extract used to obtain the soy kefir. The GK and GS formulations
have the highest and lowest caloric values, with 139.52 and 98.02 Kcal/100 g, respectively,
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because of their carbohydrate contents. The protein and lipid contents were similar among
all formulations.

3.3. Total Phenolic Compounds and Antioxidant Capacity

In T0, formulation GS presented the lowest content of total phenolic compounds
(567.65 ± 35.60 mgGAE/100 g, p < 0.05) while GK had the highest average of such com-
pounds (7631.69 ± 47.73 mgGAE/100 g, p < 0.05). Higher stability in total phenolic content
was observed for GK3, GK and GK2 formulations with a reduction of only 6.94%, 7.73%
and 8.29%, respectively, after 90 days of storage. However, the opposite effect was observed
in the GS formulation with a reduction of 52.26% (Table 4).

Table 4. Total phenolic compounds and antioxidant capacity of ice cream after 0 and 90 days
of storage.

Formulations
Total Phenolics (mgEAG/100 g)

Antioxidant Capacity
(μmol Trolox/g)

T0 T90 T0 T90

GS 567.65 aD ± 35.60 271.00 bD ± 18.82 2.14 aB ± 0.46 1.80 aA ± 0.10
GK1 5970.93 aC ± 595.43 4755.51 bC ± 58.59 3.32 aA ± 0.05 1.84 bA ± 0.04
GK2 6783.94 aB ± 78.10 6221.41 bB ± 23.27 3.35 aA ± 0.02 1.95 bA ± 0.07
GK3 6670.40 aBC ± 32.63 6207.21 aB ± 19.74 2.81 aAB ± 0.20 1.93 bA ± 0.06
GK 7631.69 aA ± 47.73 7042.00 bA ± 48.34 2.99 aA ± 0.27 1.89 bA ± 0.05

Means (±standard deviation) followed by different lowercase letters on the same line differ statistically from
each other, according to Test T (times—p ≤ 0.05). Means (±standard deviation) followed by different capital
letters in the same column differ statistically from each other (formulations—p ≤ 0.05), according to the Tukey test
(p ≤ 0.05). GS (100% S), GK1 (75% S, 25% kefir), GK2 (50% S, 50% kefir), GK3 (25% S, 75% kefir), GK (100% kefir).
S = soy extract.

The concentrations of total phenolics in each ice cream formulation were higher than
those found by other authors who used jaboticaba in the processing of symbiotic concen-
trated yogurt with 1% of jaboticaba bark flour (292.5 ± 2.5 mg GAE/100 g) [36] and jaboti-
caba juice (150.4 ± 0.6 mg/L) [37]. The bark of jaboticaba is rich in phenolic compounds,
such as gallic and ellagic acid, rutin and quercetin [38,39], and soy extract is a source of
these same compounds and isoflavones, ferulic, gallic and vanillic acids [40], which justifies
the high levels of total phenolics in ice cream. The higher concentration of total phenolic
compounds in the samples containing kefir is likely due to the metabolic activity of the
starter culture. Enzymes derived from microorganisms—such as ß-glycosidase—hydrolyze
complex phenolic compounds into simpler ones, leading to an increase in the total phenolic
content [41,42].

The ice creams processed with kefir also exhibited the highest antioxidant capacity,
without differing from each other. However, after 90 days of storage, only the sample
without kefir (GS) did not show a significant reduction in this parameter. This result cannot
be attributed to the concentration of total phenolic compounds because the formulations
with kefir showed a lower reduction in these compounds at the end of the storage period.
The antioxidant activity of a food is related to the concentration and chemical structure
of bioactive compounds (phenolic compounds, vitamins and enzymes superoxide dismu-
tase, catalase and peroxidase), which may change during storage. In addition, synergy
among compounds may result in increased antioxidant activity [43,44] and explain the
observed difference.

3.4. Anthocyanin Content

The concentration of anthocyanins was expressed as cyanidin 3-glucoside and del-
phinidin 3-glucoside (Table 5), since these compounds are found in higher concentrations
in jaboticaba bark and are related to its purple color.
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Table 5. Quantification of anthocyanins cyanidin 3-glycoside and delphinidin 3-glycoside in ice
cream after 0 and 90 days of storage.

Formulations
Cyanidin 3-Glycoside (mg/100 g) Delphinidin 3-Glycoside (mg/100 g)

T0 T90 T0 T90

GS 0.29 aA ± 0.00 0.26 bA ± 0.00 11.11 aA ± 0.07 9.89 bA ± 0.00
GK1 0.23 aB ± 0.01 0.22 bB ± 0.01 8.77 aC ± 0.30 8.26 aB ± 0.00
GK2 0.22 aBC ± 0.00 0.18 bC ± 0.00 8.36 aC ± 0.07 7.07 bC ± 0.00
GK3 0.21 aC ± 0.00 0.16 bD ± 0.00 8.15 aC ± 0.10 6.95 bC ± 0.00
GK 0.19 aD ± 0.00 0.17 bD ± 0.00 10.23 aB ± 0.02 6.72 bC ± 0.00

Means (±standard deviation) followed by different lowercase letters on the same line differ statistically from
each other, according to Test T (times—p ≤ 0.05). Means (±standard deviation) followed by different capital
letters in the same column differ statistically from each other (formulations—p ≤ 0.05), according to the Tukey test
(p ≤ 0.05). GK1 (75% S, 25% kefir), GK2 (50% S, 50% kefir), GK3 (25% S, 75% kefir), GK (100% kefir). S = soy extract.

The concentration of anthocyanins in ice cream formulations is related to the amount
of peel added (0.02%), which was identical for all formulations. Delphinidin was the
most abundant anthocyanin, contrary to the data obtained by Reynertson et al. [39] and
Inada et al. [37] who reported the predominance of cyanidin in jaboticaba and jaboticaba
juice, respectively. The formulation without kefir (GS) presented the highest values of
cyanidin 3-glycoside and delphinidin 3-glycoside, differing significantly from the other for-
mulations at the two evaluated times. The lower values of anthocyanins found in samples
GK, GK1 and GK2 may be related to the activity of kefir strains. Some microorganisms can
produce enzymes that hydrolyze anthocyanins into less stable aglycone forms and/or can
produce hydrogen peroxide that facilitates their degradation [45]. A significant reduction
in the concentration of anthocyanins was observed during storage for all formulations.
Such behavior was expected, since anthocyanins are unstable to variations of temperature,
oxygen, light, pH and acidity of the medium [46,47]. The concentration of anthocyanins
can also be affected by a mixture of copper, iron and manganese, which act as catalysts for
the oxidation reaction and are found in the bark of jaboticaba [48].

One of the challenges of using anthocyanins as natural dyes in foods is their instability
in the face of pH variations, which affect the color conferred by these compounds. While a
low pH is associated with greater stability of the compound, an increase in the pH results
in a reduction in intensity and a change in the color pattern conferred [49]. The pH of
the ice cream (Table 3) did not interfere positively with the concentration and stability of
anthocyanins (Table 5), and we can infer that the different processing steps, which lead to
the incorporation of oxygen in the samples, may have influenced the results obtained.

3.5. Color Determination

Table 6 shows the results for the color parameters (L *, a *, b *, C * and H◦) during
storage (T0 and T90). Briefly, during the storage period, the samples produced with kefir
became darker (L * reduction) and with lower color intensity (C * reduction). The red color
was predominant in all samples, except for GK1.

The GK and GK3 formulations were the lightest samples showing the highest averages
for parameter L * at T0 and T90. The values of a * were positive for all formulations,
indicating a predominance of red color, and only GK1 showed a significant reduction in this
parameter at the end of the storage time. The b * value was also positive for all formulations,
with a tendency of a yellow color.

Chroma (C *) is a quantitative parameter related to the color intensity perceived by the
human eye. The GK1, GK3 and GK samples have the highest averages for C * at T0, and
the formulation with 50% kefir (GK2) exhibited the greatest reduction in this parameter
at the end of 90 days. The results of the hue angle (h◦—qualitative attribute of the color)
indicate that GK (T0 and T90), GK3 (T0) and GK2 (T90) are characterized by a reddish color,
while in the other samples, there was a predominance of yellow.
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Table 6. Instrumental color parameters (L *, a *, b *, C * and H◦) of ice creams after 0 and 90 days
of storage.

Formulations
GS GK1 GK2 GK3 GK

L * T 0 0.60 cA ± 0.12 0.84 bA ± 0.07 0.47 cA ± 0.08 0.91 bA ± 0.07 1.21 aA ± 0.03
T 90 0.59 bA ± 0.10 0.26 cB ± 0.22 0.32 bcB ± 0.06 1.02 aA ± 0.05 0.94 aB ± 0.16

a * T 0 0.15 bA ± 0.05 0.22 abA ± 0.07 0.15 bA ± 0.05 0.29 abA ± 0.04 0.36 aA ± 0.10
T 90 0.16 abA ± 0.06 0.05 bB ± 0.01 0.09 bA ± 0.05 0.20 abA ± 0.14 0.27 aA ± 0.04

b * T 0 0.27 abA ± 0.07 0.33 abA ± 0.02 0.33 abA ± 0.02 0.25 bA ± 0.08 0.40 aA ± 0.02
T 90 0.22 aA ± 0.04 0.25 aB ± 0.02 0.11 bB ± 0.03 0.23 aA ± 0.08 0.25 aB ± 0.04

C * T 0 0.31 bA ± 0.07 0.40 abA ± 0.04 0.36 bA ± 0.01 0.38 abA ± 0.08 0.40 aA ± 0.02
T 90 0.28 aA ± 0.05 0.26 abB ± 0.02 0.15 bB ± 0.03 0.25 abA ± 0.11 0.25 aB ± 0.04

h◦ T 0 60.78 abA ± 6.99 56.50 abB ± 7.97 65.47 aA ± 8.67 40.00 bA ± 7.50 40.38 bA ± 7.79
T 90 54.32 abA ± 11.38 78.71 aA ± 3.18 41.35 bB ± 8.06 53.50 abA ± 14.02 40.50 bA ± 3.79

Means (±standard deviation) followed by different lowercase letters in the same row (sample comparison) and
different uppercase letters in the same column (time comparison) differ statistically according to the Tukey’s
test (p ≤ 0.05). GK1 (75% S, 25% kefir), GK2 (50% S, 50% kefir), GK3 (25% S, 75% kefir), GK (100% kefir).
S = soy extract.

The characteristic coloration of the anthocyanin pigment is variable and can give the
product a pink, red or blue color, depending on the source. Although equal concentrations
of dehydrated jaboticaba peel were used, the addition of different concentrations of kefir
may interfere with the color of the product, as well as with its stability. In summary, the
results indicate that the ice creams are characterized as dark, with a color ranging from
red to yellow and with low saturation. GK1 and GK2 exhibited the lowest color stability
during storage, and the one prepared with 100% kefir (GK) showed a tendency toward the
most pronounced red color.3.6. Sensory Analysis.

In T0, GK and GK2 showed the highest acceptance averages for the flavor attribute,
without differing from GK3 and GS. There were no significant differences (p > 0.05) among
the ice creams in appearance, color and aroma. After 90 days of storage, GK showed
the highest hedonic averages for the sensory attributes evaluated, differing from all for-
mulations regarding flavor. It is also noteworthy that the sample with 100% kefir (GK)
was the only one that did not show a reduction in color acceptance during the storage
time (Table 7).

Table 7. Ice cream acceptance at T0 and T90 days of storage.

Time Formulations

GS GK1 GK2 GK3 GK

T0

Appearance 6.73 aA ± 1.66 6.88 aA ± 1.67 7.09 aA ± 1.60 7.21 aA ± 1.37 7.17 aA ± 1.58
Color 6.75 aA ± 1.64 6.79 aA ± 1.56 7.02 aA ± 1.50 7.23 aA ± 1.36 7.18 aA ± 1.48

Aroma 5.73 aA ± 1.62 5.63 aA ± 1.56 5.98 aA ± 1.44 5.90 aA ± 1.40 5.95 aA ± 1.67
Flavor 5.57 abA ± 2.05 5.18 bA ± 1.98 5.92 aA ± 1.85 5.84 abA ± 1.91 6.06 aB ± 2.12

T90

Appearance 6.31 bA ± 1.86 6.28 bB ± 1.94 6.56 abB ± 1.67 6.69 abB ± 1.64 7.15 aA ± 1.59
Color 6.22 bB ± 1.87 6.24 bB ± 1.83 6.55 abB ± 1.71 6.59 abB ± 1.71 7.03 aA ± 1.62

Aroma 5.90 aA ± 1.71 5.85 aA ± 1.51 5.84 aA ± 1.47 6.10 aA ± 1.54 6.29 aA ± 1.65
Flavor 5.87 bA ± 1.98 5.02 cA ± 1.88 5.47 bcA ± 1.83 5.95 bA ± 1.70 6.86 aA ± 1.94

Means (±standard deviation) followed by different lowercase letters on the same line differ statistically from each
other, and different uppercase letters on the same column statistically according to the Tukey test (p ≤ 0.05). GK1
(75% S, 25% kefir), GK2 (50% S, 50% kefir), GK3 (25% S, 75% kefir), GK (100% kefir). S = soy extract.
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Formulations GK, GK3 and GK2 showed the highest frequencies of positive purchase
intention (“would certainly or probably buy the products”) at T0 (44.2%, 38.4% and 34.2%)
and T90 (59.8%, 34.5% and 31.1%) (Table 7). On the other hand, the highest frequencies
of negative purchase intention (“probably or certainly would not buy”) were obtained
by GS (35.8% at T0 and 35.2% at T90) and GK1 samples (42.5% at T0 and 47.5% at T90).
These results agree with those obtained in the hedonic test for storage time T0, where
formulations GS and GK1 exhibited the lowest acceptance averages for all the attributes
evaluated and GK was the most accepted.

A total of 24 attributes were previously selected by the trained assessors to characterize
the ice cream by the CATA method. The frequencies of the attributes and the results of
Cochran’s Q-test for the freshly processed product (T0) are reported in Table 8. The most
selected attributes were soy flavor, aftertaste, refreshing flavor, natural jaboticaba flavor and
sweetness. Cochran’s Q test showed significant differences in 6 of the 24 attributes analyzed,
and all of them were related to flavor (sweet, jaboticaba flavor, acid taste, refreshing flavor,
soy flavor and yogurt flavor), indicating its importance for detecting differences and
characterizing the ice cream.

Table 8. Frequency of sensory attributes and Cochran’s Q test associated with each ice cream at the
beginning of the storage period (T0).

Formulations

Attributes GS GK1 GK2 GK3 GK p

Sweet 24 32 32 30 53 <0.0001
Milk flavor 22 19 30 26 16 0.065

Artificial jaboticaba flavor 20 19 19 23 23 0.822
Natural jaboticaba flavor 24 25 25 33 38 0.032

Creamy texture 48 51 49 43 58 0.299
Soft texture 48 39 44 41 40 0.680
Mild flavor 42 36 49 41 40 0.413

Watered down 23 31 29 25 19 0.243
Acid taste 04 05 14 18 26 <0.0001

Refreshing flavor 31 23 31 38 44 0.005
Vanilla flavor 17 19 19 20 18 0.970

Fruit scent 22 18 13 22 23 0.240
Aftertaste 47 46 32 38 35 0.062

Fermented flavor 26 28 24 29 27 0.890
Artificial scent 10 14 12 09 10 0.695

Soy flavor 77 69 57 58 55 0.001
Roughness 37 38 31 40 35 0.649
Acid scent 03 03 05 08 05 0.380

Fermented scent 24 21 21 25 26 0.808
Yogurt flavor 21 20 30 25 36 0.033
Astringency 15 18 20 17 20 0.791

Purple fruit color (berries) 44 42 42 39 45 0.805
Natural jaboticaba color 39 38 39 48 42 0.218

Attractive color 42 37 47 47 50 0.138
n = 24. p ≤ 0.05 indicates a significant difference in Cochran’s Q test. GK1 (75% S, 25% kefir), GK2 (50% S, 50%
kefir), GK3 (25% S, 75% kefir), GK (100% kefir) S = soy extract.

After 90 days of storage, the CATA test was applied again to identify possible sensory
changes as a function of time. The results of Cochran’s Q test showed significant differences
(p < 0.05) in 14 of the attributes analyzed (Table 9). The attributes sweet, creamy texture, soy
flavor, natural jaboticaba flavor, roughness, purple fruit color (berries), refreshing flavor
and attractive color were mentioned more frequently, showing a change in the sensory
profile of the formulations during the storage period.
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Table 9. Frequency of sensory attributes and Cochran’s Q test associated with each ice cream at the
end of the storage period (T90).

Attributes
Formulations

GS GK1 GK2 GK3 GK p

Sweet 50 26 28 40 75 <0.0001
Milk flavor 29 25 21 19 22 0.369

Artificial jaboticaba flavor 22 22 25 26 19 0.702
Natural jaboticaba flavor 32 25 31 43 50 <0.0001

Creamy texture 76 51 43 51 72 <0.0001
Soft texture 53 40 43 38 47 0.182
Mild flavor 56 39 47 45 49 0.186

Watered down 15 39 36 38 16 <0.0001
Acid taste 03 10 10 22 24 <0.0001

Refreshing flavor 28 19 27 38 52 <0.0001
Vanilla flavor 28 27 27 21 24 0.694

Fruit scent 23 16 22 30 38 0.001
Aftertaste 39 44 45 40 30 0.115

Fermented flavor 20 27 23 35 29 0.081
Artificial scent 18 19 16 12 11 0.238

Soy flavor 57 67 65 43 34 <0.0001
Roughness 31 41 44 49 37 0.044
Acid scent 03 06 05 09 09 0.225

Fermented scent 15 10 17 19 20 0.192
Yogurt flavor 16 17 27 29 39 0.000
Astringency 17 32 28 32 18 0.001

Purple fruit color (berries) 47 41 57 48 56 0.002
Natural jaboticaba color 39 37 42 41 45 0.590

Attractive color 26 29 37 44 53 <0.0001
n = 24. p ≤ 0.05 indicates a significant difference in Cochran’s Q test.GK1 (75% S, 25% kefir), GK2 (50% S, 50%
kefir), GK3 (25% S, 75% kefir), GK (100% kefir). S = soy extract.

Multiple correspondence analyses showed that the first and second dimensions explain
92.86% of the variance of the experiment at T0 (Figure 1a). The statistical test uses only
the most frequently cited attributes since those with a low frequency can lead to false
results [50]. The formulations were positioned in three different groups and obtained
good attribute separation among the three quadrants. GS and GK1 were characterized
by an aftertaste and a soy flavor, GK3 by a refreshing flavor and yogurt flavor, and GK2
did not obtain any relationship with the descriptor terms. The GK formulation, which
exhibited the highest absolute mean for the flavor attribute, was characterized by a sweet
and natural jaboticaba flavor, evidencing the impact of these characteristics on the product
consumer. At T90 (Figure 1b), the first and second dimensions explained 94.62% of the
variation between samples. The ice creams were positioned in four different quadrants and
characterized by different attributes. The attribute that best described the GS formulation
was a creamy texture; GK1 and GK2 were characterized by a purple fruit color (berries) and
GK3 by a fermented flavor. Once again, the formulation with 100% kefir (GK) presented
a distinct sensory profile, being associated with pleasant attributes such as a fruit aroma,
refreshing flavor, natural jaboticaba flavor, attractive color and yogurt flavor.

The change in the descriptive profile generated by CATA after 90 days of storage may
be associated with physicochemical characteristics of color and anthocyanin content, since
color-related sensory attributes were not considered important in the freshly processed
product. The color of foods and beverages has been found to play important roles in
consumer perception of other sensory attributes (taste and aroma), product acceptance and
emotional responses [51]. In this study, the results of instrumental color showed that the ice
cream produced with 100% kefir (GK) had the highest intensity of red color, which likely
contributed to the better sensory profile of this formulation.
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Figure 1. Correspondence analysis of the sensory descriptors in the CATA analysis for the initial time
(T0) (a) and final time (T90) (b).
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4. Conclusions

The results indicated that these ice creams, especially the one prepared with 100% kefir
(GK), are suitable vehicles for potential probiotic strains. The jaboticaba peels imparted a
purple color and improved the antioxidant capacity and anthocyanin profile of the products.
The use of alternative raw materials and ingredients made it possible to obtain a product
with functional potential that can be ingested by individuals who adopt a diet with the
restriction of lactose, milk protein or foods of animal origin.
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Abstract: Functional dyspepsia (FD) is a common functional gastrointestinal disorder. The patho-
physiology remains poorly understood; however, alterations in the small intestinal microbiome
have been observed. Current treatments for FD with drugs are limited, and there are certain safety
problems. A class of active probiotic bacteria can control gastrointestinal homeostasis, nutritional di-
gestion and absorption, and the energy balance when taken in certain dosages. Probiotics play many
roles in maintaining intestinal microecological balance, improving the intestinal barrier function,
and regulating the immune response. The presence and composition of intestinal microorganisms
play a vital role in the onset and progression of FD and serve as a critical factor for both regulation
and potential intervention regarding the management of this condition. Thus, there are potential
advantages to alleviating FD by regulating the intestinal flora using probiotics, targeting intestinal
microorganisms. This review summarizes the research progress of probiotics regarding improving
FD by regulating intestinal flora and provides a reference basis for probiotics to improve FD.

Keywords: probiotics; gastrointestinal tract; intestinal flora; function dyspepsia

1. Introduction

Functional dyspepsia (FD) is a chronic non-organic gastrointestinal disease that is one
of the most common diseases of the digestive system and one of the most common diseases
of the gut–brain interaction worldwide [1,2]. Approximately 16% of individuals within the
general population are affected by epigastric pain syndrome (EPS) and postprandial distress
syndrome (PDS), which are two primary forms of FD [3,4]. In countries outside of Asia, the
incidence is approximately 10–40%, and the incidence in Asian countries is approximately
5–30%. Of the people who experience FD, approximately 40% choose to seek medical
treatment due to discomfort [5]. In approximately 80% of patients suffering from dyspepsia
there is no structural explanation for their symptoms, which is then termed FD. The Rome
IV criteria serve as the established diagnostic standard for FD. It is defined as a symptom of
dyspepsia originating in the stomach and duodenum in the absence of evidence of organic,
systemic, or metabolic disease that explains the symptom with its defining symptoms
comprising postprandial satiety, epigastric pain, early satiety, or epigastric burning that
persists for a minimum duration of six months [6,7]. As far as the pathophysiology of the
disease is concerned, the Rome IV criteria as well as a recent multinational consensus of
European experts support the role for impaired gastric accommodation, gastric distention
hypersensitivity, disturbances in gastric emptying, and altered central nervous system
signal processing [8]. The presence of lower gastrointestinal symptoms like diarrhea and
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constipation enhance the capacity of physicians to differentiate between individuals with
functional digestive disorders and those experiencing non-FD [9,10]. FD is a chronic
condition without a known cure, and as a result, it profoundly influences both the physical
and mental health and the overall quality of life of patients [11].

The etiology and pathogenesis of FD remain unclear, but it is typically believed that
it may be related to factors that include (1) gastric motility disturbance, (2) visceral hy-
persensitivity, (3) decreased gastric fundus receptivity diastolic function, (4) Helicobacter
pylori infection, (5) gut–brain axis disturbance, (6) mental and social factors, and (7) in-
creased eosinophilic cells, epithelial barrier disruption, and mucosal inflammation in the
duodenum accompanied by elevated mast cell levels [12–16]. Additionally, an imbalance
in intestinal flora is one of the important pathogenesis processes of FD. The imbalance
in intestinal flora will lead to the disturbance of the intestinal environment, ultimately
resulting in the reduction in the total amount of probiotics and a series of acute and chronic
diseases [17,18]. Thus, the correlation between the gut microbiome and the development
of human diseases is of paramount importance [19]. There are several lines of evidence
suggesting that both locoregional duodenal and systemic changes may also be present in
FD. Duodenal eosinophilia, epithelial barrier defect, and subtle mucosal inflammation,
along with higher levels of mast cells, have been reported in FD, whereas the role of local
and systemic inflammatory changes and increased small-bowel-homing T cells were not
highlighted until very recently [20,21]. Intestinal flora may improve the clinical symptoms
of FD by improving intestinal barrier function and visceral hypersensitivity, and regulating
gastrointestinal motility. Changing the type and composition of intestinal flora may provide
a safe and effective treatment to relieve FD symptoms [22].

Probiotics are active microorganisms that are beneficial to the host. Furthermore,
strains that can meet the basic conditions of probiotics can become probiotics. Therefore,
probiotics cover numerous types of microorganisms, and the main probiotics in this study
include Bifidobacterium, Lactobacillus, Saccharomycetes, Bacillus, and others [23,24]. Con-
currently, the health effects of probiotics have also become a research hotspot (Table 1).
Presently, probiotics have been demonstrated to maintain the normal structure of intestinal
flora, resist pathogen infection, improve constipation and diarrhea, relieve lactose intol-
erance, reduce serum cholesterol levels, and promote immune system development [25].
The mechanism of action of probiotics primarily includes three aspects: (1) enhancing the
host defense capacity, (2) directly fighting microorganisms, and (3) metabolites playing an
important function [26] (Figure 1). Probiotics can effectively relieve functional gastroin-
testinal disorders such as irritable bowel syndrome [27]. Several intestinal flora colonize
the gastrointestinal tract, an organ involved in the pathogenesis of FD due to mucosal
damage and inflammation [15]. Therefore, improving FD symptoms by regulating the gut
microbiota may be beneficial.

Table 1. The health effects of common probiotics.

Probiotic Species Bacterial Strain Mechanism of Action Health Benefits References

Lactobacillus Lactobacillus acidophilus Adjuvant antigen-specific
immune response;

Immunity enhancement;
lower inflammatory

factors; restoration of
nervous system function

[28,29]

Lactobacillus casei

Through antagonism,
colonization competition,

increasing antibody
production, enhancing the

systemic immune effect, and
the antibacterial action of

metabolites, it can resist the
invasion of pathogens

Inhibition of pathogenic
bacteria in the gut;

protecting the internal
environment; maintaining

intestinal microecology

[30,31]
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Table 1. Cont.

Probiotic Species Bacterial Strain Mechanism of Action Health Benefits References

Lactobacillus paracasei

Regulating the production of
anti-inflammatory cytokines

by Th1/Th2 cells and reducing
the release of toxic

nitrogen-containing
metabolites

Relieving inflammation;
relieving chronic metabolic

diseases
[32–34]

Lactobacillus rhamnosus
Competitive colonization,

inhibition of H. pylori growth,
and adhesion to mucosal cells

Maintaining intestinal
barrier integrity; inhibiting

inflammation and
oxidative stress; regulating
gut–brain communication

[35]

Lactobacillus reuteri

Increasing the number of
Bifidobacteria in the gut, and
transforming the intestinal
dominant flora suitable for

breaking down proteins into
the flora suitable for sugar

metabolism, thereby reducing
the production of toxic and

spoilage metabolites

Secreting antimicrobial
compounds; regulating the

host immune system;
preventing diarrhea and

colitis; reducing the
prevalence of acute

abdominal pain in infants

[36–38]

Bifidobacterium Bifidobacterium longum
Increasing the intestinal flora

and inhibiting pathogenic
bacteria

Maintaining intestinal
health in early life;

promoting the
establishment of intestinal

microbiota

[39,40]

Bifidobacterium animals Increasing antibody
production

Resisting foreign
pathogenic

microorganisms
[41]

Bifidobacterium infantis Preventing excessive intestinal
immune responses

Regulating intestinal flora;
anti-hepatic fibrosis;

anti-infection
[42,43]

Others Bacillus coagulans Enhancing the specific defense
of non-specific antigens

Pathogen suppression;
improved immune ability

and growth performance of
the body; improved

intestinal digestion and
absorption of nutrients;
improved utilization of
mineral elements in the

body

[44–46]

Streptococcus
thermophilus

Producing vitamins and
cofactors; activating immune

function; affecting bile salt
concentration

Improved body immunity;
improved lactose

intolerance
[47,48]
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Figure 1. Mechanism of probiotic actions.

2. Relationship between Probiotics and Intestinal Flora

There is a close relationship between probiotics and gut flora. As a safe and effective
intervention method, probiotics can affect the occurrence and development of various
diseases by regulating the intestinal flora, and this also makes probiotics more attractive
in the fields of basic and clinical research [49]. Humans acquire their initial gut flora from
their mothers from birth, and the gut flora in infants is dominated by Bifidobacterium. With
the establishment of human gut microbiota symbiosis, the gut microbiota changes with
factors such as the environment, diet, and age, and the gut microbiota possesses a wide
range of personalization [50]. Probiotics and intestinal flora interact through nutritional
competition, antagonism, and symbiosis [51]. There is further proof that probiotics in
this situation lessen the negative effects of antibiotic treatment, and certain probiotics
possess the potential to completely eradicate H. pylori through an inhibitory impact on the
bacterium. [52]. The direct regulation of probiotics on the intestinal flora depends upon the
composition of individual flora, and the probiotic effects of different probiotic strains vary.
Additionally, not all probiotic strains can exert beneficial effects on specific diseases [53].

2.1. Effects of Probiotics on Gastrointestinal Health

The notion of probiotics traces back to a hypothesis initially advanced by Russian
researcher Elie Metchnikoff. He linked the extended lifespan of Bulgarian farmers to
their consumption of fermented dairy products, and this idea was subsequently expanded
upon [23,54–56]. In recent years, the research and product development of probiotics
have both attracted greater attention. Probiotics can improve and regulate intestinal
health, effectively relieve intestinal discomfort such as constipation, diarrhea, inflammatory
gastrointestinal diseases, irritable bowel syndrome, and FD, and protect intestinal health
to the greatest extent [57–59]. Through their colonization of the intestinal mucosa and
interactions with the mucus layer, probiotics regulate the immune response, thus enhancing
the ability to ward off external threats [60]. Following their establishment in the intestinal
tract, the bioactive compounds responsible for their beneficial effects can help to maintain
the equilibrium of the gut microbiota; this includes boosting the population of beneficial
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bacteria in the intestinal ecosystem while decreasing the abundance of harmful bacteria,
ultimately bolstering intestinal immunity [61]. Changes in the composition of the intestinal
flora can lead to gastrointestinal diseases, and probiotics can be applied to the intestinal
environment to alleviate pathological conditions [51]. Bioactive molecules produced by
probiotic strains, such as bacteriocins, vitamins, short-chain fatty acids, enzymes, and
amino acids, exert certain beneficial effects on the host (Table 2). Studies have demonstrated
that lactic acid bacteria can produce bioactive sequences of different compounds, such
as peptides, sugar polymers, and fatty acids, that promote human health [62]. Hence,
consuming fermented foods rich in probiotics can enhance the immune system and lower
the risk of developing diseases. This occurs through continuous interaction between the
bacteria and the host immune system, ultimately leading to alterations in the gut microbial
composition that favor the growth of beneficial microbiota while regulating the presence of
pathogenic flora [63,64].

Table 2. The health role of active substances in probiotics in the gut.

Biologically Active
Compound

Probiotics Mechanism of Action Health Benefits in the Gut References

Bacteriocins Lactococcus lactis

Located in the cytoplasmic
membrane region

of receptor binding on
bacterial surfaces

Inhibition of pathogenic
bacteria in the gut; helps

gastrointestinal bacteria to
survive

[65,66]

Vitamins
Lactobacillus reuteri

JCM1112; Lactobacillus
fermenti CECT 5716

Promotes Bifidobacteria to
produce B-complex vitamins

and maintain the health of
the host intestine

Promotes energy
metabolism; reduces

intestinal inflammation
[67,68]

SCFAs
Butyricicoccus
pullicaecorum;

Bifdobacterium sps.

Receptors maintain
homeostasis in the host cells

by controlling the energy
utilization of the host

The energy source of the
colon cells [69]

Enzymes
Lactobacillus sp.

G3_4_1TO2; Lactobacillus
fermentum E-3

Amylases and peptidases
produced by probiotic

organisms play a role in
biochemical reactions of the

host metabolism

Scavenges free radicals;
hydrolyzes β-galactoside [70,71]

Amino acids Fusobacterium varium;
Clostridium sps.

Regulates carbohydrate and
lipid metabolism and alters

host physiology

Provides host with
essential amino acids [72,73]

2.2. Effect of Probiotics on Patients with FD

The pathogenesis of FD is complex. The strains of probiotics are specific; there are
certain differences in the physiology and metabolism of the strains of different species, and
the influence of different growth states of probiotics on intestinal flora and host metabolism
is also different [74]. Studies have demonstrated that after the intervention of probiotics
or their fermented products, the clinical symptoms in FD patients have been relieved to
varying degrees, and their quality of life has been significantly improved (Table 3).

Wauters et al. [75] conducted a 16-week randomized, double-blind, placebo-controlled
study of 68 FD subjects (as defined by Rome IV criteria) aged ≥18 years, in which 32 par-
ticipants received probiotics and 36 received the placebo. The experimental group were
provided with probiotic capsules (Bacillus coagulans MY01 and Bacillus subtilis MY02 in a
1:1 mixture with a bacterial count of 2.5 × 109 CFU) twice each day, and the placebo group
were provided with maltodextrin capsules (without any symbiotic bacteria). The findings
indicated a substantial increase in the quality of life and short-chain fatty acid (SCFAs)
levels in the experimental group of FD patients (p < 0.05) coupled with a significant reduc-
tion in clinical symptom scores (p < 0.05). In contrast, the placebo group did not exhibit
significant changes. The abundance of the intestinal flora Rhodotella and Leuconostoidea
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increased. The results revealed that Bacillus coagulans MY01 and Bacillus subtilis MY02
exerted some alleviating effects on FD. Navarro-Rodriguez et al. [76] conducted an 8-week
randomized, double-blind, placebo-controlled clinical trial on 107 subjects diagnosed with
H. pylori infection with FD. The results indicated that the bacterial eradication rate was
89.8% in the active probiotic group and 85.1% in the placebo group (p = 0.49). There was
no significant change in the efficacy of bacterial eradication or the adverse effects of H.
pylori eradication in the placebo and probiotic groups. This may be due to the low con-
centration of probiotics. Sun et al. [77] conducted a randomized clinical trial to determine
the effect of beverages containing Lactobacillus paracei LC-37 and its ability to relieve FD
symptoms. The results demonstrated that after 14 and 28 days of treatment with a beverage
containing LC-37, the symptoms of 26 FD patients were relieved, clinical symptom scores
were significantly reduced, abdominal pain and hiccups were significantly reduced after
14 days, and the symptoms almost completely disappeared after 28 days. There was a
significant increase in Lactobacillus, Lactococcus, and Weikerella, while there was a significant
decrease in the abundance of harmful bacteria such as Bacillus folLiculiformis. In general,
the beverage containing LC-37 attenuates symptoms of FD, in part through strain-specific
effects by increasing probiotics, such as Lactobacillus and Weissella, and decreasing harmful
bacteria including Lachnocliostridium. Rahmani et al. [78] conducted a 4-week randomized,
double-blind, placebo-controlled clinical trial in 125 FD patients according to Rome III
criteria, in which 65 subjects received probiotics (Lactobacillus reuteri) and the rest received
placebo. The results revealed that all FD-related variables, such as frequency, severity, and
duration of pain, were significantly lower at the end of week 4 compared to the baseline.
In this study, there was a relative success of probiotic-based treatment without significant
improvement in recovery. Differences between the strains of bacteria used is a possible
explanation of the discrepancies. In a study conducted by Nakea et al. [79], a comparison
was made between the fundamental physiological properties of gastric fluid (GF) and
the microflora structure within the GF among 44 healthy individuals and 44 FD patients.
Subsequently, the FD patients were administered yogurt infused with the probiotic strain
Lactobacillus gasseri OLL2716 (LG21 yogurt). The investigation assessed its impact on bac-
teriological parameters and symptoms while seeking to elucidate their interconnection.
The results indicated that the volume of GF recovered in the stomach of FD patients after
overnight fasting was greater than that of healthy subjects, while the volume of GF in
the stomach of FD patients with improved symptoms after treatment with LG21 yogurt
was reduced. Additionally, the overall structure of the bacterial community in the GF
of FD patients and the abundance of Prevotella was significantly different from that of
healthy subjects. In patients with FD, treatment with LG21 yogurt reversed this ecological
imbalance. In a 12-week clinical trial, Ohtsu et al. [80] enrolled 116 FD patients with an
average age of 42.8 ± 9.0 years, and all were Helicobacter-pylori-infected. The trial fol-
lowed a double-blind, parallel, placebo-controlled, and randomized design. Participants
were randomly allocated to either the group consuming yogurt enriched with Lactobacillus
gasseri OLL2716 (the Lactobacillus gasseri OLL2716 group) or the group consuming yogurt
without Lactobacillus gasseri OLL2716 (the placebo group). The findings indicated that
Lactobacillus gasseri OLL2716 exerted a notably more favorable impact on gastrointestinal
symptoms compared to that of the placebo group and exhibited statistical trends (p = 0.073).
Specifically, the elimination rates of the primary FD symptoms were 17.3% for the placebo
group and 35.3% for the Lactobacillus gasseri OLL2716 group (p = 0.048), thus underscoring
the beneficial effect of Lactobacillus gasseri OLL2716 in regard to alleviating FD symptoms.
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Table 3. The effect of probiotics on functional dyspepsia.

Probiotics Experimental Subject Intervention Time Primary Outcome Reference

Bacillus coagulans MY01,
Bacillus subtilis MY02 68 patients 16 weeks Quality of life and SCFA

content↑ Wauters et al. [75]

Lactobacillus acidophilus,
Lactobacillus rhamnosus,
Bifidobacterium bifidum

and Streptococcus faecium

107 patients 8 weeks H pylori and adverse
reaction↓

Navarro-Rodriguez
et al. [76]

Lactobacillus paracei LC-37 26 patients 14 days, 28 days

14 days: Abdominal pain
and hiccups↓

28 days: Abdominal pain
and hiccups disappear,

Lactobacillus,
Lactococcus, and Weikerella↑,

Bacillus folliculiformis↓

Sun et al. [77]

Lactobacillus reuteri 125 patients 4 weeks The frequency, severity,
and duration of pain↓ Rahmani et al. [78]

Lactobacillus OLL2716 44 healthy control
participants, 44 patients 3 mouths GF volume in stomach↓ Nakea et al. [79]

Lactobacillus gasseri
OLL2716 116 patients 12 weeks Rate of elimination of

major symptoms↑ Ohtsu et al. [80]

3. Relationship between Intestinal Flora and FD

Compared with healthy people, the species composition of the gut microbiota in FD
patients showed significant changes. Intestinal flora may improve the clinical symptoms of
FD by improving the intestinal barrier function, visceral hypersensitivity and regulating
gastrointestinal motility.

3.1. Research Progress on FD

FD is often attributed to disorders of gastric physiology, such as slow gastric emptying,
an inability to relax the gastric fundus after meals, or gastric hypersensitivity caused by
gastric dilation [81]. The relaxation of the lower esophageal sphincter in gastroesophageal
reflux is related to FD to some extent [82]. FD can also be induced by Salmonella, Escherichia
coli O157, Campylobacter jejuni, Giardia lamblia, and norovirus [83]. FD can develop due to
inflammation in the proximal small intestine or stomach following an intestinal infection,
while irritable bowel syndrome (IBS) may be triggered by inflammation in the distal small
intestine or colon. When inflammation affects both the proximal and distal segments of the
small intestine, it can lead to a syndrome that combines features of both IBS and FD [84].

In clinical practice, drug therapy is still the main means of treating FD, including Heli-
cobacter pylori eradication drugs, proton pump inhibitors (PPI), H2 receptor antagonists,
antidepressants, and anti-anxiety drugs [85,86]. An analysis of 10 PPI randomized trials
involving 3347 patients reported that histamine H2-receptor antagonists exerted a more pro-
nounced effect than PPIs [87]. A PPI was effective in patients reporting regurgitant or ulcer-
like FD but not in patients reporting dyspraxia like functional gastroenteritis [88]. For FD
patients with abnormal gastric motility and fundus regulation, studies have demonstrated
that motility-promoting drugs such as cisapride, domperidone, and itopride are more
effective than placebo. They promote gastric motility and gastrointestinal peristalsis by
stimulating smooth muscle contraction and 5-HT 4 receptors of neurotransmitter-regulating
neurons. This is more suitable for patients with postprandial discomfort syndrome (PDS).
Although the drug treatment exerts a certain effect, long-term use of drugs will cause
diarrhea, dizziness, vomiting, rash, and other adverse reactions and may even be accom-
panied by headache, atrophic gastritis, stomach polyps, and other side effects [89–91]. In
addition to drug treatment, there are placebo treatments and psychological treatments. A
randomized clinical trial comparing the use of placebos to untreated IBS patients revealed
that the use of placebos was significantly more likely to provide sufficient relief from symp-

131



Foods 2024, 13, 151

toms [92]. For those who experience emotional disorders, psychological treatment can be
considered. Although placebo treatment and psychotherapy resulted in fewer side effects,
they provided less relief from FD symptoms [93]. Probiotics modulate intestinal dysbiosis
and are in their infancy as a potential treatment for FD. Currently, the probiotics used in
FD clinical trials include Bifidobacterium bifidum tablets, Bacillus subtilis bifidum capsules,
Clostridium butyricum live bacteria capsules, and others [94,95]. Probiotics are considered
to be a safe dietary supplement and offer potential benefits in managing the development
and progression of symptoms in patients with IBS. This is potentially attributed to their
anti-inflammatory effects or regulation of visceral hypersensitivity. Similarly (as with IBS),
a mounting body of evidence suggests that addressing FD by implementing strategies
aimed at restoring gastrointestinal flora represents a promising and evolving approach [96].

3.2. The Mechanism of Intestinal Flora on FD
3.2.1. Regulation of Intestinal Barrier Function

Probiotics can regulate the intestinal flora, maintain the integrity of the intestinal
barrier structure, and protect the intestinal tissue from damage by pathogens. The in-
tegrity of the intestinal barrier is a sign of intestinal health and a reflection of the ability
of the microflora to adapt to the dynamic balance of mucosal function. The integrity of
the mucus barrier is the first line of defense to protect the gastrointestinal tract, and the
microbiome plays a major role in the factors affecting the mucus barrier by driving mucus
changes [97]. The impaired intestinal barrier function caused by the imbalance in intestinal
flora is associated with mild intestinal mucosal inflammation and immune activation [98].
FD patients exhibited lower mucin expression levels and higher mast cell (MC) counts
compared with healthy individuals, indicating impaired mucosal integrity, i.e., increased
intestinal permeability and mild inflammation [99]. FD patients with duodenal epithelial
cells exhibited an abnormal expression of adhesion protein and increased paracellular chan-
nels, and there was a significant correlation between the expression level of intercellular
adhesion protein and the degree of increased permeability and the severity of low-grade
inflammation [100]. Intestinal microorganisms play an important role in maintaining the
mucosal barrier function. Conversely, by synthesizing and secreting a variety of metabo-
lites (such as SCFAs, indole derivatives, etc.), microorganisms promote the production
and secretion of gastrointestinal mucus while increasing the expression of tight junction
protein and cytoskeleton-related proteins. This plays a crucial role in regulating epithelial
permeability [101,102]. Mediators such as histamine, rennet, and prostaglandin D2 released
during MC activation regulate the secretion and permeability of chloride ions and water in
epithelial cells. MC-mediated intestinal barrier changes are also associated with neuropep-
tides, neurotransmitters, hormones (vasoactive intestinal peptides, SP, NGF, estrogens, and
estradiol), and inflammatory mediators (tumor necrosis factor-alpha, interferon-gamma,
and cytokines) released by other immune cells [103]. Intestinal epithelial cell barrier func-
tion is impaired, ultimately resulting in the increased penetration of pathogenic bacteria and
the activation of T lymphocytes to release inflammatory cytokines mediating inflammation
and further aggravating the inflammatory response.

3.2.2. Effects on Visceral Sensitivity

Visceral hypersensitivity indicates that the gastrointestinal mucosa of FD patients
is strongly responsive to normal stimulation, and 35% to 50% of FD patients also have
visceral hypersensitivity [104]. Visceral hypersensitivity is a crucial factor in functional
gastrointestinal disorder syndrome, greatly influencing the occurrence and severity of
symptoms. This is due to an abnormal mucosal immune response activation in relation to
the level of inflammatory response and the close proximity of immune cells and sensory
neurons [105]. There are numerous factors related to visceral hypersensitivity and signal
transduction, such as the expression of cytokines, the secretion of corticosterone, the release
of SCFAs, and microbial metabolites [106]. Research has revealed that a symbiotic intestinal
microbiota is an essential requirement for the proper stimulation of intestinal sensory
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neurons, thereby offering a plausible mechanism for the transmission of information
between the microbiota and the nervous system [107]. Increased visceral sensitivity can
lead to abnormal pain or pain sensitivity in patients, and this is the main pathophysiological
change in EPS. The sensitivity of the stomach and duodenum to mechanical and chemical
stimulation was increased in patients with FD, and the degree of visceral sensitivity was
consistent with the severity of clinical symptoms [108]. The hypersensitive state can be
improved by downregulating the expression level of TRPV1 in the duodenum. TRPV1
can be selectively activated to induce the release of neuropeptides such as calcitonin
gene-related peptide (CGRP), substance P, and others [109]. Evaluation of the physical
injury response induced by inflammatory stimuli in both sterile and conventional mice
suggests that certain symbiotic bacteria are necessary for the development of inflammatory
hypersensitivity in mice. This suggests an important role of the interactions between
symbiotic microbiota and the host in facilitating adaptation to environmental stress [110].
The intestinal microbiota significantly affects visceral hypersensitivity, and this is a new
target for the treatment of FD-related visceral hypersensitivity.

3.2.3. Regulating Gastrointestinal Motility

Gastrointestinal motility dysfunction is one of the main pathological mechanisms
of FD. The generation of gastrointestinal motility is related to the slow-wave potential
induced by interstitial cells of Cajal (ICCs). The change in the number or structure of
ICCs is the key to gastrointestinal motility disorder, and the reduction in the c-kit gene
may reflect the decrease in the number of ICCs [111]. It has been established that the
decrease in plasma motilin content in FD patients is related to the decrease in gastric
emptying capacity, gastric electrical rhythm disturbance, and antrum–pyloric–duodenal
motor coordination disorder. Studies have reported that metabolites fermented by intestinal
microorganisms such as short-chain fatty acids (SCFAs) or peptides, in addition to being
an important energy source for gastrointestinal motility, can also directly activate the
intestinal nervous system to regulate the synthesis and secretion of certain gastrointestinal
hormones by intestinal endocrine cells. These include intestinal hormone peptide YY,
cholecystokinin, glucagon-like peptide 1, gastric inhibitory peptide, and motion-related
peptide, and they can also regulate gastrointestinal motility and gastric emptying [112,113].
Additionally, SCFAs stimulate the central nervous system (CNS) and enteric nervous
system (ENS) to release the key neurotransmitter 5-HT, which can promote intestinal
motor disorders through intestinal smooth muscle contraction and is one of the important
factors affecting gastrointestinal motility [114]. Changes in the biosynthesis, release, or
reuptake of 5-HT exert an important impact on the control of the central nervous system
and gastrointestinal tract and are involved in the regulation of emotions, psychological
states, and sensorimotor functions of the gastrointestinal tract [115,116]. The intestinal
microbiota and its metabolites affect gastrointestinal peristalsis through various pathways,
including intestinal neurons, glia, and intestinal macrophages [117]. During digestion, the
complex migratory movement of the stomach and small intestine can mechanically migrate
gastrointestinal contents and pathogenic bacteria to the distal intestine. Meanwhile, FD
often exhibits non-transmissive and retrogressive MMC stage III activity that may induce
or aggravate the migration of proximal intestinal bacteria to the stomach along with the
regurgitant duodenal fluid. Delayed gastric emptying results in the retention of regurgitant
bacteria in the stomach and duodenum for a longer period of time. Concurrently, the
proliferation of foreign bacteria can produce lipopolysaccharides to stimulate the immune
response and then inhibit gastrointestinal peristalsis, ultimately leading to the aggravation
of FD symptoms [118,119]. Abnormal gastrointestinal motility may lead to a flora imbalance
that, in turn, may further affect gastrointestinal motility and mediate the development
of FD.
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4. Mechanism of Probiotics to Improve FD Symptoms

Probiotics improve FD symptoms by regulating immune function and regulating the
probiotics of metabolites such as short-chain fatty acids, bile acids, and neurotransmitters.

4.1. Regulation of Immune Function

Probiotics exert a significant impact on shaping the gut microbiota composition, as
they can hinder the establishment of pathogenic bacteria in the intestinal environment.
They assist the host in developing a robust protective mucosal layer in the intestines,
fortify the host’s immune system, and generate beneficial metabolites that contribute to
maintaining overall health [120,121]. Local intestinal immune response is induced by the
interaction of probiotics with intestinal epithelial cells and mucosal lamina propria immune
cells (Figure 2). The gastrointestinal tract microbiota modulates the movement and role
of neutrophils and influences the division of populations of T cells into various forms
of T helper cells (Th), namely Th1, Th2, and Th17, or into regulatory T cells [122]. Mast
cells (MCs) are membrane cells connected to the epithelial tissue; epithelial cells (ECs) and
dendritic cells (DCs) are treated with probiotics and enter the intestinal lumen in different
internalization manners. Following their interaction with epithelial cells, probiotics or
their components are internalized and initially engage with antigen-presenting cells (APC),
including macrophages and dendritic cells in the tunica propria of the digestive tract. The
interaction between probiotics and epithelial cells triggers the release of IL-6 that, in turn,
stimulates the clonal expansion of IgA-producing B lymphocytes, thereby elevating their
population. These IgA-producing B lymphocytes then migrate into the protoplasmic cells of
the intestinal tunica propria through these antigen-presenting cells [123,124]. Macrophages
and dendritic cells engulf probiotics or fragments, thereby inducing the production of
cytokines such as TNF-α and IFN-γ to enhance epithelial excitation and mutual interfer-
ence among immune-related cells [125]. IL-6 and TNF-α are two important cytokines that
play an important role in inflammation, anti-tumor activity, and the regulation of immune
function. In the intestinal mucosal immune system, probiotic bacteria or their metabolites
can be acquired and recognized by mucosal M cells as antigens. Thus, this promotes the
development of the intestinal mucosal immune system, activating macrophages and B
lymphocytes, forming germinal centers in the intestinal mucosal lymphoid tissue, and
finally, transforming B lymphocytes into plasma cells to secrete mucosal antibody IgA
to mediate mucosal immunity [126,127]. Probiotic strains can increase the levels of anti-
inflammatory cytokines such as IL-10, reduce the levels of inflammatory cytokines such
as TNF-α, IL-1β, and IL-8, and exert significant effects on reducing intestinal inflamma-
tion and improving colitis [128]. Additionally, different probiotics maintain gut health
in different ways. Lactobacillus and Bifidobacterium primarily compete with pathogenic
microorganisms for favorable adhesion sites, improve intestinal barrier function, regulate
intestinal microflora, enhance intestinal immunity, and inhibit or kill harmful bacteria.
However, Bacillus primarily enhances intestinal immunity through its metabolites and
resists the invasion of pathogenic bacteria. Additionally, the probiotic effect of probiotics is
strain-specific in regard to antibodies, and different strains utilize different modes of action
and exert different effects on different parts of the intestine. For example, Bacillus subtilis
MY02 is more effective at increasing SCFAs levels and Lactobacillus paracei LC-37 is more
effective at reducing abdominal pain. Based on this, it is necessary to further precisely
regulate the probiotics acting on different parts to provide full play to their probiotic effect
on FD and other intestinal diseases [129,130].
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Figure 2. Local intestinal immune response induced by the interaction of probiotics and intestinal
epithelial cells.

4.2. Probiotics Work by Regulating the Metabolites of the Flora

In addition to directly acting on the intestinal flora, probiotics can also play a beneficial
role by indirectly regulating metabolites of the intestinal flora such as short-chain fatty
acids (SCFAs), bile acids, and neurotransmitters, relieving FD symptoms to improve body
health (Figure 3).

Figure 3. Probiotics regulate biota metabolites.
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4.2.1. Promotion of the Production of Short-Chain Fatty Acids

As significant byproducts of gut flora, SCFAs have the ability to strengthen the immu-
nity and function as chemical messengers for brain–gut interactions [131,132]. Research has
revealed that administering probiotics to mice led to a considerable increase in SCFAs and
beneficial bacteria (including Oscillibacter and Prevotella) in their gut flora as compared to
levels in the control group [133]. The gut is the primary site where SCFAs mediate intestinal
epithelial integrity or mucosal immune response. Intestinal flora disturbances that lead to
reduced SCFAs are associated with colon disease. SCFAs exert an anti-inflammatory func-
tion by regulating immune cell chemotaxis, reactive oxygen species release, and cytokine
release [134]. Lactobacillus and Bifidobacterium produce lactic acid and acetic acid, which
are major end products of carbohydrate metabolism. These organic acids, when produced
in situ, can reduce intracavitary pH and inhibit the growth of pathogenic bacteria [135,136].
Bifidobacterium mainly produces SCFAs through fermentation, where the oligosaccharides
of Chinese yams can be used as carbon sources by Lactobacillus plantarum, Bifidobacterium,
and other intestinal probiotics in the simulated colon environment. The content of acetic
acid in the fermentation broth of Bifidobacterium after 48 h was as high as 1.85 mg/mL, and
after 8 h fermentation, was as high as 0.082 mg/mL [137]. SCFAs are produced by various
pathways, where the most common is through glycolysis, and certain bacterial groups
such as Bifidobacterium can also use the pentose phosphate pathway to produce the same
metabolite [138].

4.2.2. Promotion of Neurotransmitter Production

There is bidirectional regulation between the gastrointestinal tract, enteric nervous
system, and central nervous system. Certain probiotic strains produce small molecules
that exert different effects on the host and its gut microbes [139]. Neurotransmitters are
important signaling molecules between neurons, and between neurons and effector cells
and include dopamine, gamma-aminobutyric acid (GABA), and 5-HT [140]. Both dopamine
and GABA are important neurotransmitters that regulate various functions in the central
nervous system. Studies have demonstrated that a partially specific gut microbiota pro-
duces neurotransmitters such as dopamine and GABA. 5-HT, also known as serotonin, is an
important metabolite of tryptophan, and the majority of 5-HT is produced by enterochro-
maffin cells that play an important role as an important neurotransmitter and signaling
molecule in the two-way communication system between the brain and the gut [141,142].
The gut microbiota can promote the production of some neurotransmitters, which are often
associated with central nervous system diseases such as the brain. Therefore, targeting the
regulation of microbial metabolites, such as neurotransmitters, may be a potential way to
improve neurological-system-related diseases. It has also been shown that Candida, Strep-
tococcus, and Enterococcus can produce neurotransmitters such as serotonin; Bacillus and
Saccharomyces species can produce noradrenaline; while Lactobacillus and Bifidobacterium
species can synthesize and release GABA. These microbially synthesized neurotransmitters
can act locally and also cross the intestinal mucosa to act locally, but potentially also the cen-
tral nervous system via nerval signaling [143]. Through the regulation of neurotransmitters,
the brain–gut axis can improve the symptoms of intestinal peristalsis, upper abdominal
discomfort, loss of appetite, and constipation in FD patients [144].

4.2.3. Promotion of Bile Acid Production

Under the action of gut bacteria, the primary bile acids formed in the liver are modified
into secondary bile acids. The circulation process between the liver and the intestine is called
enterohepatic circulation, which is also an important means to regulate the composition of
bile acids [145,146]. Based on the important role of intestinal flora in the modification of bile
acids, probiotics, as an intervention targeting intestinal flora, may indirectly regulate the
metabolism of intestinal flora by bile acids, thereby playing a probiotic role in alleviating
FD symptoms.
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5. Probiotics as a Potential Treatment for FD

Interactions between the microbiota and host crosstalk are plausible underlying mech-
anisms, which will help to establish probiotics as a novel, tailored therapeutic approach
for FD. Probiotics play a multifaceted role, and they contribute to the amelioration of FD
symptoms through several mechanisms, such as eliminating pathogenic bacteria to reestab-
lish microbial balance [98], modulating epithelial barrier permeability, influencing visceral
hypersensitivity, exerting both local and systemic anti-inflammatory effects, and regulating
intestinal motility [147,148]. These factors are very beneficial to intestinal health. Probiotics
play a certain role in maintaining the integrity of the duodenal mucosa. FD is related
to a defect in the duodenal barrier that is caused by the immune response of food and
microorganisms in the local area and the whole body, thus producing FD symptoms [149].
E. coli/Shigella bacteria represent a significant origin of toxic lipopolysaccharides that may
impede gastric emptying. The intake of probiotics, particularly Bifidobacteria, can efficiently
lower their concentrations and reinstate normal motor function in the small intestine [150].
Patients with FD exhibit both local and systemic immune activation. Probiotics exert their
influence by modulating toll-like receptors (specifically TLR2 and TLR4) and generating
pro-inflammatory cytokines through the metabolites produced by the gut microbiota. The
interaction between intestinal neurons and microorganisms increases neuronal survival
and gastrointestinal motility. The TLR4 agonist lipopolysaccharide promotes the survival
of intestinal neurons by activating TLR4 and NF-B. Factors that regulate neuronal TLR4
signaling may alter gastrointestinal motility [151]. Thus, TLR4 and its downstream signal-
ing molecules could be potential therapeutic targets for the treatment of gastrointestinal
motility disorders.

6. Conclusions and Future Trends

Probiotics, by regulating intestinal flora, offer a potential advantage in alleviating
FD, addressing the disorder’s onset and progression through their roles in maintaining
microecological balance, improving barrier function, and regulating the immune response.
Currently, the diversity, structure, abundance, and distribution of FD-associated intestinal
microbiota are abnormal. However, there is no unified conclusion as to which specific mi-
crobiota are closely related to the occurrence and development of FD. Regarding improving
FD symptoms, there is a tendency for probiotics to exert beneficial effects, but there is still
confusion regarding which strains or species may be beneficial or most beneficial. Fur-
thermore, for all the randomized controlled trials that we identified, the longest treatment
duration was limited to 16 weeks, thus leaving the long-term effectiveness of probiotics
or prebiotics in FD undetermined. Variability in the clinical outcomes of probiotics for FD
exists due to factors such as individual living conditions, medication use, and the under-
lying causes of the condition. Therefore, future research should place greater emphasis
on examining the influence of probiotics in diverse populations and various FD subtypes.
Moreover, the interaction between microbiota and host crosstalk is a possible underlying
mechanism that may be useful to explore in order to further elucidate the mechanisms by
which probiotics enhance FD.
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Abstract: Plant-based drinks have garnered significant attention as viable substitutes for traditional
dairy milk, providing options for individuals who are lactose intolerant or allergic to dairy proteins,
and those who adhere to vegan or vegetarian diets. In recent years, demand for plant-based drinks
has expanded rapidly. Each variety has unique characteristics in terms of flavor, texture, and
nutritional composition, offering consumers a diverse range of choices tailored to meet individual
preferences and dietary needs. In this review, we aimed to provide a comprehensive overview of the
various types of plant-based drinks and explore potential considerations including their nutritional
compositions, health benefits, and processing technologies, as well as the challenges facing the
plant-based drink processing industry. We delve into scientific evidence supporting the consumption
of plant-based drinks, discuss their potential roles in meeting dietary requirements, and address
current limitations and concerns regarding their use. We hope to illuminate the growing significance
of plant-based drinks as sustainable and nutritious alternatives to dairy milk, and assist individuals
in making informed choices regarding their dietary habits, expanding potential applications for
plant-based drinks, and providing necessary theoretical and technical support for the development
of a plant-based drink processing industry.

Keywords: plant-based drink; flavor; nutrients; processing technology

1. Introduction

The demand for plant-based alternatives to dairy milk has surged tremendously in
recent years, driven by factors including ethical concerns, environmental sustainability,
and health-conscious lifestyles [1]. Consequently, plant-based drinks have emerged as a
diversity of popular choices for individuals seeking a dairy-free alternative that aligns with
their values and offers a range of nutritional benefits [2].

Plant-based drinks, also known as non-dairy or alternative drinks, refer to beverages
derived from plant sources, including nuts, grains, legumes, and seeds [3]. These milk
alternatives have gained significant attention as viable substitutes for traditional dairy milk,
providing options for those who are lactose intolerant or allergic to dairy proteins, and those
who adhere to a vegan or vegetarian diet [4–6]. In recent years, as the market for plant-based
drinks has rapidly expanded, a wide variety of options, including almond, soy, oat, rice,
and coconut drinks, have become available to meet the demand. Each variety possesses
unique flavor, texture, and nutritional composition characteristics, offering consumers a
diverse array of choices to suit their individual preferences and dietary needs [7].
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One of the key factors driving plant-based drink popularity is its perceived sustainabil-
ity [8]. The environmental impact of dairy milk production, including land and water use,
greenhouse gas emissions, and animal welfare concerns, has prompted consumers to seek
alternative options [9]. Plant-based drink production generally requires fewer resources
and generates fewer emissions than dairy milk production, making it a more environmen-
tally friendly option [10]. Plant-derived drinks offer numerous nutritional benefits. While
dairy milk is commonly associated with calcium and protein content [11–13], plant-based
alternatives also provide essential nutrients including vitamins, minerals, healthy fats, and
fiber [2]. The nutritional profile varies across different plant-based drink varieties, and for-
tified options are available to enhance the nutrient content and mimic the benefits of dairy
milk [14]. The choice between plant-based drinks and dairy milk for infants and adults
depends on individual dietary preferences and nutritional needs, with plant-based drinks
offering lactose-free and vegan-friendly options, while dairy milk provides a nutrient-rich
source of essential nutrients like calcium, vitamin D, and high-quality protein. Caregivers
should prioritize breast milk or infant formula for infants, and adults should select the
option that aligns with their dietary and health goals, considering factors such as lactose
tolerance and environmental impact.

In this review, we aimed to provide a comprehensive overview of plant-based drinks,
exploring the available types and their nutritional compositions, health benefits, potential
considerations when choosing a product, processing technologies, and challenges facing
the plant-based drink processing industry. We delve into the scientific evidence supporting
the consumption of plant-based drinks, discuss their potential roles in meeting dietary
requirements, and address limitations and concerns associated with their use. In doing
so, we hope to expand awareness of the growing significance of plant-based drinks as
sustainable and nutritious alternatives to dairy milk, thereby assisting individuals in
making informed choices regarding their dietary habits, expanding potential applications
for plant-based drinks, and providing necessary theoretical and technical support for the
development of a plant-based drink processing industry.

2. Classification of Plant-Based Drinks

Plant-based drinks can be classified according to the raw materials used, such as
almonds, oats, soy, walnuts, peanuts, coconuts, cashews, rice, hemp, and flax (Table 1).
Plant-based drinks can be broadly classified into six types based on raw materials: cereals
(oats and rice), legumes (soybeans and peas), pseudo-cereals (quinoa), seeds (peanuts,
sesame, and sunflower), nuts (walnuts and almonds), and high-protein or fatty fruits
(coconut). Beverages made from plant-derived ingredients and plant proteins are also
referred to as plant-based drinks [7]. Plant-based drinks provide supplemental proteins,
calcium, and various other nutrients. They can be consumed in pure form or used as a
companion for coffee and tea, and can serve as an ingredient in processed foods (baked
products and plant-based ice cream).

Table 1. Plant-based drink classification by raw material source.

Classification Raw Material Sources References

Nut-based plant drinks Almonds, pistachios, walnuts, cashews, etc. [7,15]
Soy-based plant drinks Peas, chickpeas, soybeans, peanuts, cowpeas, etc. [7]
Seed-based plant drinks Sesame, flax, hemp, pumpkin seeds, etc. [7,15]

Cereal-based plant drinks Millet, corn, barley, sorghum, wheat, etc. [7,15]
Pseudo-cereal-based plant drinks Quinoa, moss bran, etc. [7]

3. Plant-Based Drink Nutrients

3.1. Protein

In the absence of added exogenous protein, soy-based plant drink has the highest
protein content, similar to that of cow milk. Soy-based plant drinks are generally considered
to be a complete protein source for adults, containing all essential amino acids. Other plant-
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based drinks have lower protein contents, with rice-based plant drinks having the lowest
protein content [16,17]. Compared to milk protein, plant-based drinks may exhibit slight
quantitative deficiencies in some essential amino acids, such as methionine and lysine [18].
Methionine and cysteine are the limiting amino acids in pea and soy tissue proteins, whereas
lysine is the limiting amino acid in flax proteins and other cereal proteins, including rice [19].
Due to the limited presence of these amino acids, plant proteins are generally considered
to provide a lower nutritional value than animal proteins. Additionally, the presence of
plant-derived anti-nutritional factors, including phytic acid and saponins, results in the
lower digestibility of plant proteins relative to milk protein. Overall, the biological value
(BV) and digestible indispensable amino acid scores (DIAASs) of plant proteins are slightly
lower than those of milk proteins. For example, BV scores for milk protein and casein are
104 and 80, respectively, whereas BV scores for soy, pea, and flaxseed proteins are 74, 65,
and 77.4, respectively. DLAASs for milk protein and casein are 115 and 111, respectively,
whereas DLAASs for soy and pea proteins are 89 and 80, respectively [16,19]. Besides
protein, other compositions of plant-based drinks can be seen in Table 2.

Table 2. General composition of different plant-based drinks.

Drink Type Protein (g) Total Fat (g) Ash (g) Total Carbohydrates (g) Fiber (g) References

Soy 2.78 1.96 0.75 3 <0.75 [20,21]
Coconut 2.02 21.3 0.97 2.81 - [20,22]

Oat 0.8 2.75 0.79 5.1 <0.75 [20,23]
Flaxseed - 1.04 - 0.42 - [20,24]

Rice 0.42 1.04 0.34 9.58 - [20,25]
Cashew 2.2 5.29 - 5.73 0.4 [20,26]
Almond 0.66 1.56 0.6 0.67 <0.75 [20,26]

3.2. Dietary Fiber

Dietary fiber refers to the non-digestible carbohydrates present in plant-based foods [27].
It primarily exists in plant cell walls and includes cellulose, hemicellulose, and soluble fibers.
Dietary fibers remain structurally intact as they pass through the digestive tract because
they are not broken down by digestive enzymes in the human body [28]. Dietary fibers
offer various health benefits, including promoting gastrointestinal health, preventing con-
stipation, controlling blood sugar and cholesterol levels, providing a feeling of fullness, and
regulating body weight. Common sources of dietary fiber include whole grains, vegetables,
fruits, legumes, nuts, and seeds. It is recommended that adults consume 25–30 g of dietary
fiber per day to maintain good health [29–32]. In plant-based drinks, various soluble or
insoluble dietary fibers present in the cell walls of seeds, cereals, or fruit-based ingredients,
such as flaxseed gum, almond polysaccharides, and soy polysaccharides, exhibit potential
prebiotic characteristics that are beneficial to human health. This prebiotic function is
not inherent to dairy milk. Prebiotics are compounds resistant to digestion in the small
intestine, and select dietary fibers, such as inulin, oligofructose, and fructooligosaccharides
(FOSs), fall into this category. They play a prominent role in regulating the gut microbiota
and promoting gut ecosystem health [33,34]. This microbial fermentation process generates
short-chain fatty acids (SCFAs), notably butyrate, acetate, and propionate, which confer
various health advantages, including trophic effects on colonic epithelial cells and the
mitigation of inflammatory responses. Additionally, prebiotic fibers foster gut microbiome
diversity by providing diverse nutritional substrates for a spectrum of bacterial strains. A
balanced and diverse gut microbiome is associated with improved gastrointestinal function,
enhanced immune responses, and potential implications for neurological health. More
specifically, beta-glucan in oat drinks increases satiety and lowers blood glucose and choles-
terol levels [7]. Flaxseed drink contains flaxseed gum, which improves the gut microbiota,
controls weight, enhances satiety, and protects gut and cardiovascular health. Soy drinks
containing fiber can lower plasma cholesterol in animals or humans without affecting the
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absorption of essential mineral elements, including zinc and copper. It also helps maintain
gut health and controls blood sugar and lipid levels [35].

3.3. Fats and Fat-Soluble Ingredients

Plant-based drinks primarily contain unsaturated fatty acids with generally low levels
of saturated fatty acids and no cholesterol. This composition is beneficial for lowering low-
density lipoprotein and cholesterol levels, thus providing positive effects to individuals
addressing high blood cholesterol and cardiovascular diseases [36]. Polyunsaturated
fatty acids (PUFAs), a subgroup of dietary fats encompassing omega-3 and omega-6 fatty
acids, confer a spectrum of health benefits when judiciously incorporated into the diet.
These benefits are underpinned by intricate biochemical mechanisms. Omega-3 PUFAs,
notably found in fatty fish and flaxseeds, substantiate reduced risks of cardiovascular
disease through the mitigation of triglyceride levels, blood pressure regulation, and anti-
inflammatory actions. Furthermore, omega-3 PUFAs exhibit anti-arrhythmic properties,
modulating heart rhythm and averting arrhythmias. In terms of cognitive well-being,
these PUFAs, particularly docosahexaenoic acid (DHA), assume a pivotal role in brain
development and function, enhancing cognitive faculties and conferring protection against
neurodegenerative conditions, such as Alzheimer’s disease. Additionally, mood regulation
is influenced by omega-3 PUFAs, which may ameliorate symptoms of depression and
anxiety. Their robust anti-inflammatory attributes extend to the management of chronic
inflammation, impacting the pathogenesis of prevalent ailments including cardiovascular
disorders, arthritis, and certain cancers. Beyond these, omega-3 PUFAs underpin various
other health benefits, including skin barrier fortification, immune system augmentation,
eye health preservation, potential cancer risk reduction, appetite regulation for weight
management, and vital contributions to pregnancy and child development. To optimize
these benefits, maintaining an appropriate balance between omega-3 and omega-6 intake
is pivotal, as excessive omega-6 and insufficient omega-3 consumption can contribute to
inflammatory states and health complications. Consequently, a balanced diet integrating
sources of both omega-3 and omega-6 PUFAs is advocated for comprehensive health
promotion. Overall, higher proportions of PUFAs, especially n-3 PUFA, other bioactive
essential fatty acids, and fat-soluble bioactive components, contribute to the prominent
health benefits of plant-based drinks (Table 3).

Table 3. Main fatty acid components of plant-based drinks.

Drink Type

Main Fatty Acid Components %
Reference

Saturated Fatty Acid Unsaturated Fatty Acid

C12:0 C14:0 C16:0 C18:0 C18:1n − 9 C18:2n − 6 C18:3n − 3

Soy - - 9.8 3.7 21.9 53.7 9.9 [37]
Coconut 50.0 17.3 7.5 2.7 0.01 0.77 - [38]

Oat - - 5.09 1.81 45.1 23.7 0.234 [39]
Walnut - - 8.0 3.0 18.0 59.0 6.0 [40]
Peanut - - 16.63 4.88 42.63 15.56 - [41]

Flaxseed - 4.59 20.4 6.65 27.59 24.24 7.01 [42]
Almond - - 14.6 10.8 54.0 15.4 - [39]

3.4. Vitamins and Minerals

Most plant-based drinks are rich in minerals including calcium, magnesium, selenium,
potassium, zinc, phosphorus, copper, and manganese (Table 4). For example, the respective
almond and soybean calcium contents are approximately 269 and 277 mg/100 g, whereas
the respective magnesium contents are approximately 270 and 280 mg/100 g. The respective
potassium contents are approximately 733 and 1797 mg/100 g. The endogenous calcium
content of plant-based drinks varies widely among products, but when fortified with
external sources of calcium, the calcium content in plant-based drinks is typically higher
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than that in cow’s milk [43]. In general, the absorption rate of calcium carbonate used for
calcium fortification of plant-based drinks is high, although calcium carbonate is prone to
precipitation, which reduces calcium bioavailability in plant-based drinks [44,45]. Cow’s
milk is considered an excellent source of vitamins; however, it has a low vitamin D content
and usually requires external supplementation for fortification (Table 5). Plant-based drinks
also tend to have low vitamin D content. Therefore, commercially available plant-based
drink products are often fortified with vitamin D. Soy drinks and almond drinks also have
an advantage over cow’s milk in vitamin E content, with levels reaching approximately
4.0 and 3.84 mg/100 mL, respectively. Coconut, almond, and cashew drinks have vitamin
A contents exceeding 60 μg/100 mL, approximately twice the amount found in cow’s
milk [46]. Overall, plant-based drinks have an advantage over cow’s milk in terms of
fat-soluble vitamin content, whereas water-soluble vitamins may require fortification.

Table 4. Main mineral components of plant-based drinks.

Drink Type
Calcium

(mg)
Iron
(mg)

Phosphorus
(mg)

Magnesium
(mg)

Potassium
(mg)

Sodium
(mg)

Zinc
(mg)

Reference

Soy 155 0.37 46 17.5 118 39 0.26 [20,21]
Coconut 18 3.3 96 46 220 13 0.56 [20,22]

Oat 148 0.26 89 5.9 148 42 0.09 [20,23]
Flaxseed 125 0.15 62 - - 33 - [20,24]

Rice 125 0.3 62 - - 42 - [20,25]
Cashew 9 1.51 66 35 84 51 1.26 [20,26]
Almond 158 0.12 19 8.2 49 59 0.08 [20,26]

Table 5. Main vitamin components of plant-based drinks.

Drink Type
Thiamin

(mg)
Riboflavin

(mg)
Vitamin
B-6 (mg)

Folate
(μg)

Vitamin
B-12 (μg)

Retinol
(μg)

Vitamin D
(μg)

Reference

Soy 0.044 0.331 0.036 16 1.33 89 4.63 [20,21]
Coconut 0.022 - 0.028 14 - - - [20,22]

Oat 0.04 0.281 0.006 <6 0.51 85 1.7 [20,23]
Flaxseed - - - - 0.62 - 1.05 [20,24]

Rice - - - - 0.62 - 1.05 [20,25]
Cashew - 0.015 0.053 - - - - [20,26]
Almond 0.005 0.083 <0.01 <6 0.45 61’ 1.59 [20,26]

3.5. Bioactive Molecules

Plant-based drinks generally contain beneficial bioactive molecules, including
flavonoids, phenolic acids, lignans, and phytosterols (Table 6) [47]. Plant polyphenols
exhibit excellent antioxidant properties and provide significant health benefits, includ-
ing anticancer effects, protection against radiation damage, antimicrobial activity against
pathogenic bacteria, lipid-lowering effects, and the prevention of cardiovascular diseases.
Resveratrol in peanut drinks reportedly possesses antioxidant, antibacterial, hepatopro-
tective, cardiovascular, radioprotective, and anti-HIV activities [48]. Sesamol in sesame
drinks has been reported to inhibit obesity and insulin resistance in mice fed a high-fat,
high-fructose diet. It reduces hepatic fat synthesis, inhibits lipid accumulation and inflam-
matory responses in white adipose tissue, and decreases adipocyte size while promoting
the conversion of white adipose tissue to brown adipose tissue by improving mitochondrial
lipid metabolism [49]. Lignans, such as enterolignans, are natural plant estrogens found
in high amounts in flaxseed drinks. They can control the production of three types of
estrogen, inhibit ovarian estrogen production, reduce the risk of breast cancer, and exhibit
significant anti-colorectal cancer effects. Their antioxidant function primarily centers on the
neutralization of free radicals, highly reactive molecules capable of inducing cellular dam-
age, including DNA, protein, and lipid harm, potentially culminating in cancer and other
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chronic maladies. The mechanistic underpinnings of lignan-mediated anti-cancer effects
encompass several facets: free radical scavenging via electron donation, the modulation of
inflammatory processes, participation in estrogen metabolism pathways (particularly en-
terolignans), interference with key cellular signaling pathways implicated in tumorigenesis,
the induction of apoptosis, and the regulation of angiogenesis. Moreover, lignans may en-
hance detoxification processes via the upregulation of detoxifying enzymes. Consequently,
a growing body of research suggests that lignans may be associated with a diminished risk
of specific cancer types, particularly hormone-related malignancies like breast, prostate,
and ovarian cancers [50]. The role of flavonoids within plant-based drinks hinges upon
their natural occurrence in constituent ingredients or their introduction during processing.
Certain plant-based drink varieties, such as almond and soy drinks, may contain inherent
flavonoids derived from their foundational ingredients, endowing these beverages with
antioxidant capabilities. These flavonoids possess the capacity to mitigate oxidative stress
and confer potential health benefits. However, it is important to note that flavonoid en-
richment is not a prevailing practice in commercially available fortified plant-based drinks,
which predominantly focus on the fortification of vitamins and minerals to replicate the
nutritional profile of dairy milk. Therefore, individuals with specific health risks, such as
those at a high risk of cardiovascular diseases, may experience enhanced benefits from
consuming plant-based drinks.

Table 6. Total phenolic compounds and phytosterol compositions of plant-based drinks.

Drink Type Total Phenolic Compounds
β-Sitosterol
(mg/100 mL)

β-Sitosterol-β-D-Glucoside
(mg/100 mL)

Campesterol
(μg/100 mL)

Stigmasterol
(μg/100 mL)

Reference

Almond 1.24 mg GAE/L 2.5 ± 0.1 13 ± 2 62 ± 4 1915 ± 109 [51–53]
Hazelnut 130.42 mg GAE/100 mL - - - - [54,55]
Sesame 4 mg GAE/g - - - - [56,57]

Soy 8.79 mg GAE/100 g 2.5 ± 0.5 4.9 ± 2.1 1290 ± 291 998 ± 111 [51,58,59]
Rice 122.05 mg GAE/100 mL 0.51 ± 0.07 2.4 ± 0.6 260 ± 28 234 ± 23 [51,60]

Cashew - 2.7 ± 0.4 >60 279 ± 44 15 ± 1 [51]
Oat 15 mg GAE/100 mL 2.1 ± 0.2 26 ± 4 475 ± 30 182 ± 16 [51,61]

4. Key Substances That Contribute to Aroma in Plant-Based Drink

Flavor is an important quality of plant-based drink that determines its market accep-
tance [62]. Flavor is determined through small molecules formed via the decomposition
of proteins, fats, or carbohydrates in a food. These substances can stimulate the sensory
neurons responsible for smell and taste, creating a comprehensive physiological sensation.
Molecules contributing to flavor can be divided into odorants and tastants. Tastants are
nonvolatile food compounds that are perceived by taste buds in the oral cavity, whereas
odorants are volatile food compounds that are sensed by olfactory receptors in the nasal
mucosa [63–65]. Enhancing aroma and reducing or mitigating the generation of off-flavors
are key aspects of flavor modulation in plant-based drinks. Selecting high-quality ingredi-
ents and employing environmentally friendly processing techniques to prepare plant-based
drinks with excellent flavor significantly impacts market potential. With advancements in
flavor extraction and separation technologies, the most widely used techniques for volatile
compound extraction include headspace solid-phase microextraction (HS-SPME), dynamic
headspace sampling (DHS), solvent-assisted flavor evaporation (SAFE), stir bar sorptive
extraction (SBSE), liquid–liquid extraction (LLE), and simultaneous distillation extraction
(SDE). These techniques are often combined with gas chromatography–mass spectrometry
(GC-MS) and olfactory techniques, such as gas chromatography–olfactometry (GC-O),
aroma extract dilution analysis (AEDA), and dynamic headspace dilution analysis (DHDA),
for aroma and off-flavor identification in plant-based drinks [66–68].

Different volatile compounds exhibit distinct odor characteristics and contribute to the
overall flavor profile of a plant-based drink when combined in certain proportions. Based
on the existing literature, the main aromatic compounds contributing to the fragrance of
plant-based drinks include aldehydes, ketones, alcohols, esters, and acids [67,69].
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4.1. Aldehyde Compounds

Aldehyde compounds are primarily formed through the degradation and auto-oxidation
of unsaturated fatty acids such as oleic and linoleic acids. Aldehydes generally have low
odor thresholds and contribute significantly to flavor profiles, making them important
aromatic compounds [70]. Medium-chain aldehydes exhibit fatty, fresh, and greasy aro-
mas, whereas aldehydes with higher carbon numbers produce a citrus peel aroma [71].
During soybean growth and processing, over 20 volatile compounds are associated with
a beany off-flavor, with hexanal being the most important [72,73]. The hexanal content
in walnut kernels correlates negatively with nutty and sweet aromas, and correlates posi-
tively with bitterness and acidity. Therefore, storing walnuts at 5 ◦C in a light-protected
environment is considered optimal [74]. Benzaldehyde, a metabolite of phenylalanine,
imparts a fruity aroma to plant-based drinks. In soy drinks, 3-methylbutanal contributes
to a dark-chocolate flavor, whereas decanal provides sweet, citrus, and floral tastes. In
oat acidophilus drinks, nonanal exhibits a honeywax floral aroma, and octanal produces a
strong fruity fragrance [75].

4.2. Ketone and Alcohol Compounds

Ketones are another product of fat oxidation. Ketones produce less intense aromas
in walnut drinks, contributing less to their flavor. Ketones are generally associated with
creamy and fruity aromas. For example, 2-methyl-3-hydroxy-4-pyranone is present in both
soy drinks and vanilla soy drinks and evokes a caramel aroma [76]. 2,3-butanedione and
its degradation product, 3-hydroxy-2-butanone, generate a sweet aroma in prepared soy
drinks and a creamy aroma in roasted walnut drinks, possibly due to prolonged expo-
sure to high temperatures [77]. During the lyophilization of peas, significant amounts of
3,5-octadien-2-one and-ionone are produced, possibly through the oxidative and condensa-
tion reactions of carotenoids [78]. Alcohol compounds are primarily produced through the
oxidative degradation of fatty acids, such as hexanol, which exhibits a floral aroma and is
a product of linoleic acid auto-oxidation. 2,3-butanediol contributes to the fruity aroma
of walnut drinks, whereas the nonanol present exclusively in walnut drinks roasted for
25 min imparts a fresh fatty note [77]. Nonanol in soy drinks has a strong rose and orange
throat aroma, along with a fresh fatty note [79]. Vanillin and linalool are present in vanilla
drinks, and have distinct and unique aromatic profiles.

4.3. Ester and Acid Compounds

Esters are formed via the esterification of carboxylic acid derivatives with alcohols and
are primarily derived from the oxidation of lipid precursors [80]. Esters are characterized
by their typical fruity aromas, which contribute to the delicate fragrances of plant-based
drinks. The key aromatic ester compounds in roasted walnut drinks are ethyl acetate,
triethyl phosphate, and ethyl benzoate, all of which impart fruity notes. Cinnamyl acetate
contributes sweet orange and grape aromas, whereas ethyl palmitate imparts a creamy
fragrance. The quantity of esters in roasted walnut drinks increases with prolonged roasting
time [81]. Acidic compounds contribute significantly to the taste profiles of plant-based
drinks. Butyric acid, valeric acid, and l-lactic acid are characteristic acidic flavor compounds
in fermented coconut drinks that impart a creamy aroma [82]. In vanilla soy drinks, key
acidic compounds include 17-octadecynoic acid, palmitic acid, and oleic acid, whereas in
soy drinks, 3-butyne-1-acid, acetic acid, and 15-hydroxydecanoic acid are predominant.

4.4. Pyrazines and Other Compounds

Pyrazines are formed primarily via Maillard reactions between reducing sugars
and amino acids and via Strecker degradation of carbonyl compounds [83]. Glucose
degradation leads to the formation of carbonyl compounds that react with free amino
acids to produce α-amino ketones under alkaline conditions. Subsequently, these com-
pounds undergo condensation to form various pyrazine compounds. During plant-based
drink preprocessing steps, including microwaving, roasting, and radiofrequency treat-
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ments, pyrazines and alkylated pyrazines are generated. These volatile substances can
partially mask off-flavors in plant-based drinks [84]. Because of their high concentra-
tions and low odor thresholds, pyrazine compounds exhibit strong roasted, nutty, and
caramel flavors. For example, 2,5-dimethylpyrazine imparts a roasted and nutty aroma,
whereas 2, 3, 5-trimethylpyrazine imparts a nutty fragrance [77]. Additionally, 2,4-di-
tert-butylphenol is a major phenolic aroma compound in soy drinks and is present in
significant proportions among the phenolic aroma components. In addition to 2-ethylfuran,
soy drinks and vanilla soy drinks also contain other aromatic compounds, including
2-methyl-1-propene, octadecynol, and 8-octadecyne. Phenolic compounds such as
4-ethenylguaiacol have been identified as important aroma contributors in walnut drinks,
exhibiting a clove-like aroma. Additionally, 4-allylanisole, which is present in roasted
walnut drinks, imparts a fennel-like aroma and is one of the major aromatic components in
almond oil [77,85].

5. Flavor Formation Pathways

5.1. Maillard Reaction

The Maillard reaction is a complex non-enzymatic reaction that involves the conden-
sation of reducing sugars with amino groups in amino acids, peptides, or proteins. It can
generate a variety of compounds with different colors and flavors via multiple pathways
(Figure 1). This process, also known as non-enzymatic browning, is generally divided
into three stages [86–88]. In the initial stage, the carbonyl group of the reducing sugar
undergoes nucleophilic addition to the amino group of the amino acid to form a Schiff
base. Owing to their instability, Schiff bases undergo cyclization to form N-substituted
aldimines, which then undergo Amadori rearrangements to form reactive intermediates.
To reduce sugars to produce these intermediates, the sugars must be converted into an
open-chain structure, which occurs slowly during this stage. Therefore, this stage does not
cause significant changes in the color and flavor of food but generates flavor precursors [89].
During the intermediate stage, the Maillard reaction becomes more complex. Interme-
diates formed in the initial stage, such as Amadori rearrangement products and Heyns
compounds, are further degraded to produce reducing ketones, furfural, and unsaturated
carbonyl compounds. In the final stage, the numerous reactive intermediates formed in
the intermediate stage, including reducing ketones, unsaturated aldimines, and glucosone
aldehydes, undergo further condensations, polymerization, or reactions with amino acids,
ultimately leading to the formation of melanoidins [90].

As Maillard reaction substrates, amino acids serve as the major determinants of flavor
in plant-based drinks. The most significant mechanism of amino acid degradation is
Strecker degradation. Different amino acids undergo Strecker degradation to produce
specific aldehydes, which are important compounds responsible for distinct flavors in
foods, and which serve as intermediates in further reactions. Dimethyl sulfide is formed
through the thermal degradation of its precursor, S-methylmethionine, and exhibits a
strong boiled cabbage flavor [91]. In addition, during thermal processing of soybeans,
their proteins can undergo Maillard reactions with reducing sugars, resulting in food
browning and the formation of various volatile compounds. Concurrently, the activity of
endogenous oxidative enzymes decreases, inhibiting fatty acid oxidation reactions and
reducing the generation of beany-flavor compounds [92,93]. In the absence of lipoxidase,
the production of volatile compounds in soy drinks is associated with the Maillard reaction.
When lipoxidase activity is lost, major unsaturated fatty acids, including linoleic acid, oleic
acid, and linolenic acid, are the primary sources of volatile compounds. This indicates a
direct relationship between the Maillard reaction and major unsaturated fatty acids in soy
drinks [94].
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Figure 1. Schematic diagram of the Maillard reaction.

5.2. Oxidative Degradation of Fats

Oxidative fat degradation is the main cause of off-flavors in plant-based drinks. When
plant-based drink ingredients are stored under normal conditions, drink quality is relatively
stable, but endogenous lipoxidases can be activated during processing, leading to the
development of rancidity and other undesirable flavors [95]. Lipid oxidation can be
divided into two main pathways: enzymatic and non-enzymatic.

Linear-chain saturated fatty acids undergo oxidation, forming flavor compounds
including short-chain or medium-chain fatty acids, aldehydes, alcohols, esters, lactones,
and methyl ketones. The oxidation reactions of unsaturated fatty acids, such as linoleic
acid and linolenic acid, yield various aldehydes, alcohols, and esters [96,97]. The main off-
flavor compounds in soy drinks are C6 and C9 aldehydes and their corresponding alcohols.
These compounds are significant constituents of the flavors found in vegetables, fruits,
leaves, and leguminous plants, and are primarily derived from the lipoxygenase (LOX)
enzyme-catalyzed oxidation pathway [98,99]. LOX oxidizes linoleic acid to form 13- or
9-hydroperoxy-octadecadienoic acid (13-/9-HPOD), which is further cleaved via hydroper-
oxide lyase to generate hexanal; (E,E)-2,4-decadienal; (E)-2-octenal; and other compounds.
When linolenic acid serves as the lipid precursor, (E)-2-hexenal, (E,Z)-3,6-nonadienal, and
other compounds are formed [100]. The generated C6 and C9 aldehydes can be further
metabolized via alcohol dehydrogenase to produce the corresponding alcohols, such as
hexanol and (E)-2-hexenol. Non-enzymatic oxidations, including photooxidation and
autoxidation, are primarily caused via heat, light, photosensitizers, oxygen, and transition-
metal ions. They can generate volatile compounds including aldehydes and furans, thereby
influencing the flavors of plant-based drinks. Light exposure during food processing is
unavoidable. For example, after storing soy flour under light for a certain period, its
2-pentylfuran content increases significantly [101]. Singlet oxygen can be generated in the
presence of riboflavin in soy drinks, and through specific oxidative mechanisms, riboflavin
catalyzes the formation of 2-pentylfuran from linoleic acid. Chlorophyll can induce the for-
mation of singlet oxygen through a similar process, and singlet oxygen content is positively
correlated with the duration of exposure to light and air [102].
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6. Processing Technology

A plant-based drink is a colloidal suspension or emulsion consisting of dissolved
and decomposed plant material [7]. Although the exact processes vary, the same general
outline applies to all plant-based drink processing methods (Figure 2). Water extraction of
plant-based drinks can be divided into two types: dry processes (the dry milling of raw
materials and the extraction of flour from water) and wet processes (the soaking and wet
milling of plant sources) [1].

Figure 2. The general workflow of plant-based drink manufacturing processes (adapted from [1]).

6.1. Pre-Treatment

Before making plant-based drinks, some pretreatment of raw materials may be re-
quired, including soaking, blanching, steaming, and baking. The purpose of pretreatment
is to enhance extraction, increase nutritional quality, enhance organoleptic characteristics,
and eliminate off-odors [6,16].

Soaking is an important pretreatment process in the production of plant-based drinks.
The main purpose of soaking is to promote softening and expansion of raw materials
including grains and nuts, and to facilitate the breaking of raw materials during the
grinding process [103]. This process reduces resistance to mechanical grinding and fully
hydrates proteins, rendering them easier to leach and thereby increasing the extraction
rate. Soaking also helps reduce the initial microbial load, eliminate off-odors, improve
organoleptic properties, and enhance nutritional value [77]. Some raw materials, including
cowpeas, cashews, soybeans, oats, and sesame seeds, usually need to be soaked in water
for 3–18 h. Some raw materials, including soybeans, peanuts, and tiger nuts, can be soaked
in alkaline solutions with 0.2–2% NaHCO3 at ratios ranging from 1:2 to 1:12 to eliminate
nutty or beany flavors [7,14,104,105].

Starch in raw materials is gelatinized during steaming or baking, and the peculiar
smell of the raw plant materials can be effectively controlled. This process can remove
heat-sensitive anti-nutritional factors and toxic and harmful substances (such as cyanogenic
glycosides) from raw materials, as well as partially inactivate enzymes. In addition, Mail-
lard and other reactions can occur during baking, which can change plant material flavors
and impact aroma development [106,107]. Heating can also reduce protein solubility and
extraction rates [108].

6.2. Extraction

To improve the yield, extraction efficiency can be increased by increasing the temper-
ature, adding enzymes, fermenting, germinating, or increasing the pH (using NaOH or
bicarbonate). During the extraction process, an alkaline medium is used to increase the
protein yield. Higher extraction temperatures also increase fat extraction, although protein
denaturation reduces fat solubility and yield [1].

Microwaves, such as ultra-high-frequency electromagnetic waves, promote high-
frequency reciprocating dipole moments, generating “internal frictional heat”, which is
absorbed by food and water to generate heat [109]. It can realize simultaneous heating and
temperature increase without fast and uniform heat conduction, and energy consumption is
a small fraction of that required in traditional heating [110]. Compared to the steam injection
extraction method, microwave-assisted extraction can significantly improve the extraction
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yield of plant-based drinks, including protein content, total soluble solids, and protein
solubility. It completely destroys plant cell and subcellular structure integrity, promoting
the release of proteins, lipids, and other soluble solids [111]. Microwave-assisted extraction
can also help remove safety risk factors, including cyanogenic glycosides, facilitate aroma
enhancement through Maillard reactions, and passivate endogenous oxidases in raw plant
materials, to improve the oxidative stability of plant-based drinks [112].

6.3. Enzymatic Processing

Enzymolysis technology functions under mild reaction conditions and exhibits low
energy consumption, high efficiency, and low solvent consumption, promoting the release
of intracellular compounds, increasing soluble sugar and protein contents, and improving
product biological activity, thereby improving the stability and sensory qualities of plant-
based drinks [113]. Enzymatic hydrolysis is a key step in promoting nutrient dissolution
during plant-based drink production. Carbohydrases and proteases are widely used in
plant-based food processing [114]. Carbohydrases hydrolyze glycosidic bonds in plant cell
wall layers, promoting the breakdown of insoluble fibers, generating low-molecular-weight
sugars, and releasing proteins and other intracellular compounds [115]. For example,
cellulase hydrolyzes primary cell walls, whereas pectinase hydrolyzes secondary cell
walls [116]. The disruption of the network structure of plant cell wall components via
pectinase increases the release rate of proteins and fats into cereal beverages. Second, enzy-
matic hydrolysis can improve the stability and flavor of plant-based drinks. Carbohydrase
treatment (1.2% Celluclast 1.5 L, 3 h) improves the physical stability of soybean drinks
during storage and ameliorates bean flavor [117]. It is generally believed that proteoly-
sis will release low-molecular-weight peptides, resulting in bitter taste, but when Sahoo
et al. immobilized two non-commercial proteases derived from sunflower seeds, added
them to soybean drink, and incubated them at 30 ◦C for 1 h, they found that the beany
smell decreased and the pleasant smell increased [118]. Low-molecular-weight peptides
produced after proteolysis are primarily composed of hydrophobic amino acids. Hydropho-
bicity, primary sequence, spatial structure, peptide chain length, and molecular size are all
determinants of peptide bitterness. Therefore, specific proteolysis is required to prevent
bitterness in plant-based drinks [114]. Enzymatic hydrolysis can also enhance biological
activities in plant-based products because this technology can degrade macromolecular
substances into smaller molecular compounds with higher biological activity and increase
the release of bioactive components (polyphenols, flavonoids, etc.). For example, after
protease treatment of soybean drinks and flaxseed protein, hydrolysate showed antioxidant,
anti-inflammatory, anti-obesity, and immunomodulatory activities [119]. Additionally, be-
cause phenolic compounds in plant materials may form protein–phenolic complexes with
globular proteins through hydrophobic interactions and hydrogen bonds, the release of
total phenols increases after proteolysis of sesame seed extracts [120].

6.4. Fermentation

The production of plant-based drinks using microbial fermentation generally involves
mixed-culture fermentation using two or more microbial strains to enhance the fermenta-
tion effect and improve the quality of the final product [82]. Lactic acid bacteria, bacilli, and
yeasts are the most widely used microorganisms for this purpose [121]. Fermentation can
improve plant-based drink flavors by reducing undesirable odors or by creating pleasant
aromas. After peanut drink fermentation, the beany flavor was mitigated by the reduction
of n-hexanal and n-hexanol, and diacetyl and 2,3-butanedione, with a butterscotch aroma,
were produced during fermentation [114]. Fermentation can also improve the nutritional
value of plant-based drinks by increasing nutrient content, improving nutrient bioavail-
ability, and removing antinutritional factors [122]. Fermentation can increase protein and
vitamin contents [82] as well as improve calcium and vitamin bioavailability. Significant
increases in crude protein content and B vitamins, such as riboflavin and thiamine, have
been observed in soybean drinks fermented with bifidobacteria [123]. Additionally, vita-
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mins (including vitamins B and K) are produced during the fermentation process. Yeast
fermentation promotes vitamin B2 production [82]. In addition, since lactic acid bacteria
can produce phytase to catalyze the hydrolysis of phytate into inositol and phosphate,
fermentation technology has the potential to reduce the content of anti-nutritional factors
in raw plant materials and increase their utilization of minerals [124]. Fermentation also
enhances biological activities in plant-based drinks. Fermentation of almond drinks using
lactic acid bacteria increases the content of phenolic compounds, conferring higher antioxi-
dant capacity [125]. Soybeans fermented using lactic acid bacteria can produce bioactive
peptides that inhibit angiotensin-converting enzymes and display antihypertensive ef-
fects [126]; β-glucosidase produced via lactic acid bacteria during fermentation can convert
conjugated isoflavones in soy drinks into more bioactive glucoside ketones [127,128].

6.5. Germination

Germination is a common method for releasing the nutrients and phytonutrients
of plant-based drinks, making them more readily available to digestive enzymes [129].
Sprouted grains are more nutritious than raw grains, and rich in digestible energy, bioavail-
able vitamins, minerals, amino acids, proteins, and phytochemicals [130]. Germination
promotes the enzymatic decomposition of carbohydrates into simple sugars by activating
endogenous enzymes such as α-amylase, thereby increasing the digestibility of starch
degradation and providing energy for seed development [131]. The effect of sprouting on
carbohydrates is largely dependent on the activation of hydrolytic and amylolytic enzymes,
resulting in a reduction in starch and an increase in simple sugars [131]. The duration of the
process is an important factor. When the amylase activity is at its maximum, the maximum
hydrolysis time of starch is 48 to 72 h [132]. Studies have shown that after germination,
the phenolic activity and antioxidant activity of millet drink increased by 92 ± 1.99 and
33.42 ± 0.55%, respectively. The amalgamation of sonication with germination reduced
the average antinutrient concentration to 23.31 ± 0.36% [133]. The germination process
enhances the functional properties of plant-based drinks. The application of germination
processes combined with other technologies would be a potential processing technique to
acquire nutritious plant-based drinks.

6.6. Separation

Separation is a necessary step in plant-based drink production. Its purpose is to
separate solid particles and suspended impurities in plant-based drinks. It mainly removes
insoluble fibers to ensure that the particles reach a certain fineness, which is beneficial
for the stability of the product. According to final product particle size requirements,
separation can be achieved via filtration, decantation, or centrifugation to remove coarse
particles from the slurry [1]. When using ingredients with a high-fat content, such as
peanuts, excess fat can be removed via skimmers during dairy processing. The separated
creamy product can be heat-treated to obtain oil or used as an ingredient in ice cream or
baking recipes [108].

6.7. Product Formulation

The protein, vitamin, and mineral contents in plant-based drinks are very important.
Therefore, some plant-based drinks are selectively fortified with exogenous nutrients
during processing to increase the total content of specific nutrients. To improve the taste
and flavor of plant-based drinks, sugar, salt, acidity adjustment, flavors, and fragrances
are also added from exogenous sources during the blending process [3,134]. To maintain a
stable plant-based drink system after high-temperature sterilization, emulsion stabilizers,
such as monoglyceride fatty acid ester, diglyceride fatty acid ester, sucrose fatty acid ester,
carboxymethyl cellulose sodium, and xanthan gum, are used. Although plant-based drinks
are similar to animal milk in terms of appearance and consistency, significant differences
in nutritional quality and bioavailability exist. Therefore, these products must be fortified
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to improve their nutritional quality [1]. The nutrients used must be bioavailable and
sufficiently stable [108].

6.8. Homogenization

Plant-based drinks contain insoluble particles including proteins, starches, fibers,
and other cellular materials. These particles are denser than water and, therefore, settle,
making the product unstable. Suspension stability can be improved by reducing particle
size to increase solubility, or by using hydrocolloids and emulsifiers. Homogenization
improves plant-based drink stability by breaking up aggregates and lipid droplets, thereby
reducing particle size and increasing their distribution [16]. Mechanical devices used for
homogenizing raw materials include high-shear mixers, colloid mills, high-pressure valve
homogenizers, and microfluidizers [1].

Ultra-high-pressure homogenization (UHPH) is a common homogenization method
used in food processing [135] that is widely used with plant-based drinks. UHPH can
significantly improve the physical stability of almond and soy drinks and extend their
shelf lives [136]. It offers significant advantages, including the effective inactivation of
microorganisms, the retention of micronutrients, green energy saving, and uniform pro-
cessing [137,138]. In UHPH, the liquid sample is subjected to shear force and cavitation
explosion force in the cavity of the homogenizer to produce high-speed fluid impact and
vortex action. The structure within the liquid sample is destroyed, and particles within
the emulsion become smaller, allowing a more stable suspension, thereby effectively im-
proving the stability of plant-based drinks [139]. Because high pressures can damage
microorganisms, UHPH treatment can inhibit the growth of harmful microorganisms and
achieve sterilization [126]. Compared with UHT treatment, soybean drinks treated with
UHPH (300 MPa, 80 ◦C) have higher colloidal stability, a stable primary oxidation level,
and a significantly lower hexanal value, and can be stored at room temperature for up to
6 months [140]. Both 200 and 300 MPa UHPH reduce the number of spores and Enterobac-
teriaceae and reduce particle size in plant-based drinks. At 200 MPa, soy drink proteins are
partially denatured, whereas at 300 MPa, the degree of denaturation is the same as that
observed after UHT treatment [126]. After UHPH treatment, the product has a longer shelf
life and better quality characteristics. It is, thus, expected to replace heat treatment in the
production of plant-based drinks. UHPH equipment must be combined with sterile filling,
requiring strict production equipment monitoring and process control procedures.

6.9. Heat Treatment

Heat treatment is applied to kill bacteria and thereby extend shelf life by reducing
microorganism numbers and inactivating enzymes [141]. An appropriate combination
of time and temperature can ensure the destruction of microorganisms and enzymes in
plant-based drinks while avoiding the aggregation of oil-coated droplets at high temper-
atures [142]. Plant-based drinks usually undergo pasteurization, ultra-high-temperature
instantaneous sterilization, high-temperature high-pressure sterilization, or other methods
to extend shelf life, but high temperatures can cause changes in the structure and physical
and chemical properties of plant-based drinks. In particular, the denaturation of proteins
and polysaccharides in a stable solution will destabilize the system, and heating of starch in
a system will significantly increase viscosity, which may also negatively impact the quality
of plant-based drinks [143,144]. Therefore, the use of new food processing technologies,
including pulsed electric fields, to extend shelf life is recommended [108]. The use of
emerging food processing techniques, including pulsed electric fields and ohmic heating,
has been proposed to prolong the shelf life of plant-based drinks [1].

Pulsed electric field (PEF) is a non-thermal food sterilization technique that exposes
samples to pulses of high pressure at temperatures in the range of 30–40 ◦C [145]. The
application of high-intensity PEF (10–80 kV/cm) causes electroporation to increase the
permeability of microbial cell membranes, eventually leading to cell damage or death [146].
PEF can inactivate endogenous food enzymes and kill microorganisms, but exerts a less
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negative impact on food nutrition, texture, taste, and color [147,148]. It is mainly suitable
for liquid foods with low conductivity and low viscosity, and has been gradually applied
to an increasing number of liquid products, including plant-based drinks, to extend their
shelf life [45]. The application of PEF to soy drinks can effectively inactivate Escherichia
coli and Staphylococcus aureus without affecting soy drink quality characteristics. This
technology may, thus, be a favorable alternative to heat treatment for soy drink pasteur-
ization [149]. PEF treatment and parameter optimization (treatment time, pulse intensity,
pulse frequency, and pulse width) also affect enzyme inactivation. Studies have shown that
soybean lipoxygenase activity decreases with increasing treatment time, pulse intensity,
pulse frequency, and pulse width, and stronger treatment parameters result in a higher
degree of soybean lipoxygenase inactivation. The maximum inactivation of soybean lipoxy-
genase via PEF was 88% at 42 kV/cm (duration, 1036 μs; pulse frequency, 400 Hz; pulse
width, 2 μs; temperature, 25 ◦C) [150]. Additionally, studies have revealed that pulse type
and treatment (soaking or cooking) have significant effects (p < 0.0001) on soybean trypsin
inhibitory activity, and the interactive effect of pulse type-by-treatment was also significant
(p < 0.0001) [151]. While PEF does not inactivate spores, it can be inactivated by adding
organic acids or nisin, adjusting pH, and other methods. Currently, the industrialization of
this technology faces certain limitations, including the high cost and limited development
of industrial PEF equipment [152].

Ohmic heating is an advanced heat treatment technology that uses a low-frequency
electric current to heat food, which can kill spoilage microorganisms and prolong shelf
life [153]. When a 50–60 Hz electric current is applied to the food matrix, electrical energy
is transported through the resistive medium to promote ion recombination and increase
the molecular motion speed to facilitate the release of thermal energy [110]. Ohmic heating
can extend the retention of heat-sensitive components, increase production and energy
efficiency, and heat quickly and uniformly. Electric field strength, temperature, and time all
influence the post-treatment effect [154]. Saxena et al. studied the effect of ohmic heating
on polyphenol oxidase activity in sugarcane beverages under three electric field intensities
(24, 32, and 48 V/cm) and four temperatures (60–90 ◦C) with a treatment time of 5–20 min.
At 60 ◦C, polyphenol oxidase activity decreased with increasing electric field strength, while
at 70–90 ◦C, an increase in enzyme activity was observed at 32 and 48 V/cm [155]. This
technology has also been used in the production of soybean drinks, where it reduces the
beany smell and reduces the activity of endogenous trypsin and chymotrypsin inhibitors
due to combined electrochemical and thermal effects [156,157]. Studies have shown that
ohmic heating (220 V, 50 Hz) for periods over 3 min efficiently inactivates TI when compared
to induction cooker or electric stove methods over 3 min. The residual trypsin inhibitory
activity was 13% (ohmic heating), which is significantly lower compared to 19% using
an induction cooker and an electric stove [157]. Additionally, lipoxygenase inactivation
followed first-order kinetics during ohmic heating and conventional heating. However, a
significant variation in rate constants was observed. Studies have shown that the electric
field has an additional effect on lipoxygenase inactivation, with approximately 5 times
lower D values. This means that for the same inactivation degree, the time required for
thermal treatment is much lower when an ohmic heating process is applied, thus reducing
negative thermal effects on the other food components [158]. To date, risks including “cold
spots” caused by uneven resistivity remain, complicating the industrial application of
this process [159]. The selection of electrode materials is a very important factor when
considering the industrial application of ohmic heating. An electrode can be designed
for specific ohmic heating conditions only, as the electro-chemical interactions of food
and electrode may depend on the electric field strength as well as the frequency and type
of wave. The composition of food material is also a challenge for food processors while
considering ohmic heating because different types of plant-based drinks may contain
different components with different properties, e.g., electrical conductivity. The ohmic
heating behavior of the food material in such cases becomes complex, and may lead to the
underheating of components with low electrical conductivity or vice versa [160].
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6.10. Packaging and Shelf Life

Plant-based drinks are packaged as needed for storage and distribution after pro-
cessing, usually in plastic bottles or carton systems [1]. Plant-based drinks can also be
drum-dried or spray-dried to produce stable powders that can be reconstituted into the
desired product [161,162]. However, liquid plant-based drinks must be stabilized be-
fore drying to obtain a stable product [163]. For example, a calcium-fortified soy drink
(200 mg/100 g) was formulated by adding water (85–90 ◦C), full-fat soy flour (10%), sucrose
(2.75%), and soy protein isolate (2.25%). Following homogenization, the blend was twice
clarified and pasteurized at 65 ◦C/30 min before refrigeration. The samples of the soy
drink (45 ◦C) were adjusted to a pH of 8 before adding calcium lactogluconate (1.55%)
and potassium citrate (1.25%). For successful calcium fortification, it is recommended to
maintain a calcium-to-protein ratio < 38 mg/g and to use an appropriate sequestering
agent at a molar ratio of 0.8/mole calcium [164].

Plant-based drinks are rich in nutrients and are an ideal medium for microbial growth.
Therefore, their quality will be adversely affected by the rapid growth of microorganisms.
Heat treatment has been used to extend the shelf life of plant-based drinks while increasing
the total solid output and improving the flavor. Overheating will adversely affect the
development of nutrients (vitamins and amino acids), browning, and the development of
cooked flavors [165]. In order to eliminate or reduce the destructive impact on plant-based
drinks, various time and temperature combinations have been practiced to obtain the best
quality products. Different heat treatments, such as pasteurization (heating to below 100 ◦C
to destroy pathogenic microorganisms), container sterilization (121 ◦C for 15–20 min to
achieve commercial sterility), and ultra-high-temperature treatment (at high temperatures
of 135–150 ◦C for several seconds) have been widely studied [166]. Ultra-high-temperature
treatment involves direct heating methods, including steam injection, or indirect heating
in plate or tube heat exchangers. After any of the above treatments, packaging needs to
be carried out under sterile conditions to maintain sterility. After pasteurization, plant-
based drinks need to be stored under refrigerated conditions, while after sterilization in a
container or ultra-high-temperature sterilization treatment, the plant-based drinks can be
stored at room temperature for several weeks [7]. The effect of pasteurization on soybean
drinks has been studied, and the results showed that pasteurized soybean drinks can be
stored for 3 days after being heated at 60 ◦C for 30 min without obvious deterioration,
and sterilized soybean drinks can be stored for 1 year after being heat treated at 120 ◦C
for 5 min [167]. Heat treatment is widely applied to extend the shelf life of plant-based
drinks, such as soybean drinks and peanut drinks. However, the existence of medium
and high starch concentrations in oat drinks and rice drinks restricts their application [7].
Therefore, these types of plant-based drinks need to apply non-heat treatment technology
to extend their shelf life. Some non-heat treatment technologies, including high-pressure
throttling, ultra-high-pressure homogenization (UHPH), and high-pressure processing,
have been studied to extend the shelf life of plant-based drinks [126,168–170]. The effect
of ultra-high-pressure homogenization combined with heat treatment on the microbial
stability of almond drinks has been studied. The microbiological analysis, physical sta-
bility, and chemical analysis results showed that when comparing UHPH treatment with
pasteurization and UHT treatment, the product quality was higher compared to samples
treated with pasteurization or UHT. After incubation at 30 ◦C for 20 days at a pressure of
300 MPa, a temperature of 65 and/or 75 ◦C, and a holding time of less than 0.7 s, the product
showed no bacterial growth [171]. These results show the potential of non-heat treatment
for extending the shelf life of plant-based drinks. However, the antiseptic effects and
mechanisms of pulsed electric fields and other non-thermal technologies, such as pulsed
light and ultrasound, on different types of plant-based drinks need to be further explored.

7. Challenges Facing Plant-Based Drink Processing

The plant-based drink processing industry must address challenges, including the
beany smell and urease in soy drinks, which reduce their culinary appeal, and starch
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granules in oat drinks, which affect their smooth taste. The challenges faced during plant-
based drink processing include product safety, nutrition, and stability.

7.1. Plant Cell Wall Tissue Limits the Dissolution of Endogenous Nutrients

The health benefits of foods depend on their individual components and their structure
(or matrix). Food structure plays a regulatory role in digestion and subsequent physiologi-
cal metabolic reactions and affects nutrient dissolution during processing. Plant-based food
structure is determined by the presence of a cell wall, which is composed of a polymeric
structure with a skeleton composed of cellulose as the core and a hydrated gel matrix
composed of polysaccharides [172]. The intercellular layer is rich in pectin. As the out-
ermost layer of a plant cell, it also connects juxtaposed plant cells together [172]. Plant
cell wall structure and composition vary depending on plant species, tissue distribution,
and growth stage [173]. Legumes and other dicot seed cell walls are rich in pectin and
xylan, whereas cereal cell walls and those of other monocots are low in pectin but contain
arabinoxylan and/or mixed junctions containing b-D-glucan [174]. The dissolution of
proteins, oils, dietary fibers, and small-molecule phytochemicals in plant cells is greatly
limited by cell walls. Therefore, to increase the solid content of plant-based drinks (by
increasing nutrient dissolution), it is crucial to optimize and innovate technologies applied
during processing stages, including heat treatment, extrusion, fermentation, grinding, and
homogenization [175]. By changing the structure of plant-derived foods and using treat-
ments such as heat and pressure, cell walls can be broken into porous structures, releasing
endogenous nutrients from inside cells, thereby improving the dissolution rate of proteins,
lipids, polyphenols, and flavonoids in plant-based drinks.

7.2. The Challenge of Efficiently Removing Consumer Health Risk Factors from Plant Sources

Heat-sensitive consumer health risk factors (including cyanogenic glycosides and
antivitamin factors) can be eliminated via heat treatment [176]. Major allergens in plant-
based drinks include soybean proteins 7S and 11S; peanut proteins 7S, 11S, and 2S; and
gluten in grain seeds. Currently, the most widely used methods of elimination include
enzymatic hydrolysis, fermentation, high static pressure, and irradiation [177]. In grain
seeds, phytic acid is mainly concentrated in the outer shell and germ part and is relatively
low in the endosperm. The phytic acid content in soybean seed coats is low, with only 1%
located in the germ and 99% existing in the cotyledons. Therefore, depending on the raw
material, phytic acid can be selectively reduced using different methods, including shelling,
water blanching, and removal by soaking. Phytic acid can also be removed by cooking,
germination, microbial fermentation, and the addition of exogenous phytase [178].

7.3. The Control of System Stability

As multiphase dispersion systems, plant-based drinks contain various colloidal sub-
stances, including proteins, lipids, oil bodies, polysaccharides, polyphenols, phytic acid,
derivatives of these compounds, plant tissue fragments, and other particles. These systems
are thermodynamically unstable and prone to phase separation [179]. The main factors
underlying the physical instability of plant-based drinks include the following: (A) Force-
induced separation: the dispersed particles in plant-based drinks have different densities
than those in the water phase, causing them to move in response to gravitational forces.
(B) Particulate matter less dense than water, such as grease bodies or fat droplets, tends to
float, whereas denser particulate matter, such as plant cell debris, starch granules, protein
aggregates, and calcium carbonate granules, tends to sink. (C) Aggregation in plant-based
drinks: electrostatic and hydrophobic interactions occur between lipids, protein-embedded
fat droplets, protein particles, and/or plant cell debris. When the interaction force between
colloids changes, aggregation occurs easily, mainly through flocculation and coalescence.
Plant-based drinks are, thus, prone to stratification and precipitation during storage, which
can be detrimental to taste. Plant-based drinks can also experience system instability
owing to various chemical or biochemical processes, including oxidation, hydrolysis, and
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microbial action, which reduce the stability and safety of plant-based drinks and produce
an unpleasant volatile odor [3,180].

7.4. Adjustment of System Flavor

Plant-based drinks, which are commercially popular, are generally roasted, giving
them nutty, burnt, and sweet aromas. Owing to the unique properties of their raw materials,
different plant-based drinks, including coconut, bean, flax, and grain, also have unique
flavors and aromas. Plant-based drinks may also contain unappealing flavor attributes.
In addition to rancid flavors caused via the oxidation of polyunsaturated fatty acids, they
may also have unique grass, raw, and earthy flavors derived from plant raw materials
and mainly attributable to low-molecular-weight alcohols, aldehydes, ketones, and furans.
Typical off-flavor substances include 1-octen-3-ol (mushroom flavor), hexanal (grass flavor),
(E)-2-octenal (cucumber flavor), and (E,E)-2,4 -decadienal (oily), and 2-pentylfuran (grass
flavor) [181]. Some substances do not individually produce obvious odors, but their odorant
capacities are enhanced in mixtures. Therefore, the material basis of odors is also difficult
to define in studies of plant-based drinks. Regarding the formation mechanism of off-flavor
components, using soy drink as an example, it is generally believed that C6 aldehyde is
an important component of the flavor of legume foods and is derived from the enzymatic
oxidation pathway catalyzed via lipoxygenase, with linoleic acid and linolenic acid being
the main precursors [182]. Linoleic acid is oxidized via lipoxygenase to produce 9- or
13-hydroxy-linoleic acid hydroperoxide, which further reacts with hydroperoxide lyase to
form hexanal, (E)-octenal, and (E,E)-2,4-Decadienal, etc. When linolenic acid is used as a
substrate, (E)-2-hexenal and (E,Z)-3,6-nonadienal are formed [183].

Hexanal and (E)-2-hexenal are the main grassy-flavor-contributing components pro-
duced via the lipoxygenase pathway [184]. Non-enzymatic reactions also occur in soybean
pulping. Lipids, proteins, carbohydrates, and other precursor substances can form different
oxidation intermediates, including hydroperoxides and free radicals, ultimately leading to
the production of odors. These all require the regulation of systemic flavor in plant-based
mill production processes [185].

7.5. Control of Spoilage

Because plant-based drinks are rich in carbon and nitrogen sources, microorgan-
isms can easily reproduce and cause spoilage. The main reasons include the following:
(A) Mildewed or spoiled plant-based drink raw materials make it difficult to meet the
microbial indicator specifications of the final product. (B) Improperly selected plant-
based drink sterilization methods. Pasteurization can kill pathogenic bacteria and most
non-pathogenic bacteria in plant-based drinks, but these products retain small propor-
tions of heat-resistant bacteria and spores, resulting in shorter shelf lives. Ultra-high-
temperature instantaneous sterilization methods coupled with aseptic canning, canning
first, and then high-temperature and high-pressure sterilization are commonly used and
are safer sterilization methods for plant-based drink processing [186]. (C) Problems arise
during sterilization, and improper process control, such as excessive product accumu-
lation during high-temperature and high-pressure sterilization, incomplete sterilization,
ultra-high-temperature instantaneous sterilization coupled with aseptic canning process,
and improper cleaning of sterilizers and pipelines, may cause corrosion and deterioration
of final products during storage [187]. Therefore, it is necessary to develop green and
efficient methods and technologies to control the production of harmful microorganisms in
plant-based drinks.

8. Conclusions

Plant-based drinks represent an emerging healthy food with a high nutritional value,
which exert a positive impact on human health through long-term consumption. The flavor
quality of plant-based drinks is an important evaluation standard for consumers, but most
plant-based drinks are difficult for consumers to accept because of their bitter and astrin-
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gent flavors. Improving the flavor of plant-based drinks is an important bottleneck that
the industry needs to overcome. Therefore, the scientific issues in using food flavoromics
research methods to conduct in-depth research into plant-based drink flavors should focus
on new extraction technologies for plant-based drink flavors, the analysis of substances
contributing to aromas, pleasant aroma and off-odor formation mechanisms, aroma opti-
mization, and odor control technologies. Additionally, raw materials containing low levels
of odor components should be screened, and novel processing technologies should be
explored in depth, combined with the improvement and optimization of odor removal or
burial processes, to create new plant-based drink options rich in nutrition and good flavor,
expand plant-based drink marketing opportunities, and provide necessary theoretical and
technical support for development within the plant-based drink processing industry.

In the burgeoning landscape of plant-based drinks, several impending challenges
merit careful consideration for the sustainable evolution of this dairy alternative. Environ-
mental sustainability remains a paramount concern, demanding the judicious management
of resource-intensive crop production. Supply chain resilience and nutritional adequacy
require meticulous attention to mitigate vulnerabilities associated with disruptions and
nutritional disparities. Furthermore, allergen labeling precision, product quality enhance-
ment, and adherence to evolving regulatory frameworks necessitate ongoing vigilance.
Competition-driven market dynamics, coupled with consumer education imperatives, un-
derscore the need for strategic differentiation and consumer enlightenment. Infrastructure
development, waste management solutions, and the recognition of regional variations in
preferences further compound the multifaceted nature of these challenges. Addressing
these complexities while upholding ethical and labor standards constitutes an imperative
dimension of sustainable plant-based drink development, necessitating a collaborative
effort among stakeholders to navigate these intricacies effectively.
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Abstract: Lactic acid bacteria (LAB) are beneficial microbes known for their health-promoting prop-
erties. LAB are well known for their ability to produce substantial amounts of bioactive compounds
during fermentation. Peptides, exopolysaccharides (EPS), bacteriocins, some amylase, protease,
lipase enzymes, and lactic acid are the most important bioactive compounds generated by LAB
activity during fermentation. Additionally, the product produced by LAB is dependent on the type of
fermentation used. LAB derived from the genera Lactobacillus and Enterococcus are the most popular
probiotics at present. Consuming fermented foods has been previously connected to a number of
health-promoting benefits such as antibacterial activity and immune system modulation. Further-
more, functional food implementations lead to the application of LAB in therapeutic nutrition such as
prebiotic, immunomodulatory, antioxidant, anti-tumor, blood glucose lowering actions. Understand-
ing the characteristics of LAB in diverse sources and its potential as a functional food is crucial for
therapeutic applications. This review presents an overview of functional food knowledge regarding
interactions between LAB isolated from dairy products (dairy LAB) and fermented foods, as well as
the prospect of functioning LAB in human health. Finally, the health advantages of LAB bioactive
compounds are emphasized.

Keywords: lactic acid bacteria; fermentation; bioactive compound; functional properties; application
of LAB

1. Introduction

Over time, the purpose of food has evolved beyond mere taste and nutrition, now
serving as a powerful means to enhance human health through added functionality. Diet
plays a crucial role in overall human health, serving as a frontline defense against numerous
diseases [1]. As the interest in the relationship between food and health continues to rise,
the demand for functional foods is also increasing. While there is no universally accepted
definition, functional foods are generally described as food products that offer various
health benefits when incorporated into one’s diet. Functional foods can be classified into
four main categories according to their definition: conventional foods, modified foods,
foods designed for special dietary needs, and medicinal foods [2]. There is a growing
interest in characterizing and incorporating bioactive constituents into foods in order to
satisfy medically defined criteria and nourish populations.

A recent strategy that has gained traction is the use of fermentates, which are powdered
formulations formed from fermentation reactions. Fermentates can be made up of either the
bacteria that are fermenting or the metabolites and bioactive compounds that are excreted
in the fermentation broth. Milk and dairy products are consumed by more than six billion
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people worldwide, as they are a food group with a wide variety in terms of taste, texture,
and nutritional value [3]. Milk is enriched with useful components, such as minerals and
vitamins [4]. In particular, fermented dairy products are a good source of different species
of live lactic acid bacteria (LAB) [5].

Peptides, exopolysaccharides (EPS), bacteriocins, some amylase, protease, lipase en-
zymes, and lactic acid are the major bioactive molecules produced by LAB activity during
fermentation [6]. However, not all LAB strains can generate these compounds. The health
benefits of LAB have made them a popular ingredient in therapeutic nutrition. One of the
most common ways that LAB is used in therapeutic nutrition is in the form of probiotic
supplements [7]. Fermented dairy products may show their health-promoting effects due to
the influences of microbial metabolites (biogenic or bioactive effect) formed during the fer-
mentation process, as well as the probiotic effects of certain LAB strains isolated from their
composition [8]. Many studies have stated that the consumption of probiotic-containing
dairy products such as yogurt, cultured fermented milk, and kefir has been linked to
a variety of health benefits, such as cholesterol metabolism and angiotensin-converting
enzyme (ACE) inhibition, antimicrobial activity, tumor suppression, faster wound healing,
and immune system modulation [9,10]. Moreover, the consumption of probiotics bal-
ances the gut and urinary tract microbiome by promoting the growth of beneficial bacteria
that outcompete pathogens for food and binding sites and locally generate antimicrobial
metabolites. As a side benefit, probiotics help the mucosal barrier function by influencing
the host immune system [11].

This article summarizes the complex relationships between dairy LAB and human
health, and suggests an innovative approach to describing and incorporating bioactive
compounds into foods in order to serve as a crucial functional food. These bioactive com-
pounds have been studied for their potential in treating food intolerance, gastrointestinal
complications, diabetes mellitus, inflammatory bowel disease, liver disease, and cancer,
and the article emphasizes the fermentation and/or probiotic potentials of dairy LAB.

1.1. Characteristics of LAB

Lactic acid bacteria (LAB) play a pivotal role in the food processing industry, serving
as a vital group of bacteria with substantial significance. Most of these microorganisms
are “generally recognized as safe” (GRAS) because they are nonpathogenic, useful in
technological and industrial processes, acid and bile tolerant, and are able to produce
antimicrobial substances; they have also been consumed by people all over the world for
a long time in dairy products [12]. LAB is a well-known class of microorganisms used in
the food industry due to their wide range of phylogenetic and functional diversity. LAB
are defined as a taxonomic order of bacteria that is both phylogenetically and functionally
diversified [13]. Lactic acid bacteria from the genera Lactobacillus and Enterococcus are
currently the most popular probiotics. These LAB strains include L. acidophilus, L. fermentum,
L. casei, L. reuteri, L. rhamnosus, L. helveticus, L. lactis, L. crispatus, L. gasseri, L. plantarum, and
E. faecalis [14].

In the last 20 years, Lactobacillus has emerged as the preeminent nomenclature for
probiotics, gaining widespread popularity in scientific discourse and research. Therefore, it
is important to approach the probiotic potential of LAB genera with caution and subject
them to individual assessment and scrutiny to determine their suitability as probiotics.
Some LAB genera are probiotics, although scientists disagree. The most researched strains
of probiotic LAB include Lactobacillus acidophilus NCFM, Lactobacillus acidophilus LA-5,
Lactobacillus casei DN-114 001, Lacticaseibacillus casei strain Shirota, Lacticaseibacillus casei
Zhang, and Lactobacillus rhamnosus GG (ATCC53103) [11]. Recently, novel probiotic LAB
such as Limosilactobacillus reuteri and Lactobacillus johnsonii have been employed in the
production of functional dairy products [15]. More research is required to screen and
unravel the probiotic potentials of novel LAB strains with unique favorable health effects on
both humans and animals, and that are of scientific and industrial value, because probiotic
traits and features are strain-specific [16]. Moreover, the attributes of probiotics can include
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various characteristics, such as hemolytic activity and antibiotic resistance [17,18]. However,
it is important to carefully evaluate these attributes, as excessive hemolytic activity can be
harmful and antibiotic resistance may have implications for antibiotic effectiveness. Other
features include the ability to adhere, the capacity to inhibit or eliminate harmful microbes,
to auto- and co-aggregate, and to be harmless to animals. Li et al. [19] demonstrated that
all five isolates had significant adhesion potential, extraordinary aggregation capacity, and
antibacterial properties.

1.2. Source of LAB in Dairy Products

Milk and other dairy products are generally thought to be the principal dietary sources
for LAB. Throughout the world, people drink either fresh or fermented cow and goat milk.
Table 1 has shown source of LAB in dairy and non-dairy products. High numbers of LAB
as beneficial bacteria in milk suggest a source for biological materials with great public
health value and extensive applicability in the dairy sector [20]. According to Agagunduz
et al. [11], the milk-based sources employed (kind of animal, diet, age, length of the lactation
period, etc.) and food processing techniques (temperature, storage conditions, etc.) are the
two primary elements that determine the nutritional value of dairy products. The beneficial
health effects of fermented milk and dairy products are mostly attributed to the presence
of LAB, which can be naturally found in some dairy products. The most common dairy
products that contain LAB are fermented milk, yogurt, cheese, and other milk products [21].
They may be included as a starter culture or occasionally as novel ingredients or additives
for the purpose of boosting the functionality of the product, and their ability to increase
the nutritional value of fermented milk products [22]. Due to their long history of usage in
food and milk fermentation, LAB starter cultures are now classified as GRAS [23].

While there is no definitive cell count number that can ensure the health effects of the
probiotic strain in a food product, it has been shown that at least 106–108 cfu/g is adequate
to benefit from the advantageous effects of probiotics [24]. This very clearly demonstrates
that just because a culture that has the potential to show probiotic potential is present in a
product does not necessarily mean that the product itself will have probiotic properties.
Probiotics are only effective against certain strains of bacteria; thus, even various strains of
the same species might have wildly diverse effects on the host. As a result, it is indicated
that more research is needed to understand the probiotic potential of new LAB strains as
well as well-known dairy product starting cultures [25].

Table 1. Source of LAB in dairy and non-dairy products.

LAB Source Family Genus Gram Shape
Acid-

Resistant
Respiration References

Dairy
Product Lactobacillaceae Lactobacillus + Rod shaped Changeable Facultative

anaerobic [26]

Pediococcus + Spherical shaped High acid
resistant

Facultative
anaerobic [27]

Steptococcaceae Streptococcus + Coccoid shaped Low acid
resistant

Facultative
anaerobic [28]

Lactococcus + Coccoid Changeable Facultative
anaerobic [29]

Leuconostocaecae Leuconostoc + Spherical, oval
shaped Changeable Facultative

anaerobic [30]

Bifidobacteriaceae Bifidobacterium + Rod-branch-
shaped

High acid
resistant Anaerobic [31]

Enterococcaceae Enterococcus + Coccoid shape Moderate
acid resistant

Facultative
anaerobic [31]

Propionibacteriaceae Propionibacterium + Rod shaped Low acid
resistant Anaerobic [30]
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Table 1. Cont.

LAB Source Family Genus Gram Shape
Acid-

Resistant
Respiration References

Non-diary Aerococcaceae Aerococcus + Coccoid shaped Low acid
resistant

Facultative
anaerobic [32]

Carbobacteriaceae Carnobacterium + Rod shaped Not available Facultative
anaerobic [33]

Leuconostocaecae Oenococcus + Spherical shaped Changeable Facultative
anaerobic [34]

Weissella + Coccoid or rod
shaped Changeable Facultative

anaerobic [35]

Fructobacillus +

Elongated and
slightly

cylindrical
shaped

Not available Facultative
anaerobic [36]

Enterococcaceae Tetragenococcus + Coccoid shaped Changeable Facultative
anaerobic [37]

Vagococcus + Coccoid shaped Changeable Facultative
anaerobic [38]

1.3. Source of LAB in Fermented Food
Fermented Food

Fermented foods have become an important branch of the food industry as these foods
are abundant sources of potential beneficial microbes that extend the shelf life and increase
the nutritional variety and organoleptic properties of the food [39]. Historically, fermented
food has been consumed as a staple food since the development of human civilizations. The
functional microorganisms naturally present in fermented food offer unique properties to
the consumer, including antimicrobial and antioxidant properties and bioactive compound
production [40]. Certain strains of probiotics, such as Lactobacillus, Leuconostoc, and Entero-
coccus, have the ability to thrive and remain viable throughout the fermentation process.
These beneficial bacteria can be commonly found in various fermented foods, including
yogurt, sauerkraut, kimchi, and kefir [41]. By regulating the immune function of the host
mucosa or by regulating the balance of intestinal flora, it can promote nutrient absorption
and maintain intestinal health. The LAB that are widely encountered in fermented food
include Lactobacillus, Leuconostoc and Enterococcus, Weissella, Pediocossu, etc. [40]. LAB are
indeed involved in producing a wide range of fermented food products, including alcoholic
drinks, fermented bread and noodles, fermented fish and meat, fermented dairy products,
and fermented vegetables [42]. According to Sudhanshu et al. [43], Lactobacillus plantarum
is commonly found in fermented vegetables due to the acid and salt resistance in the specific
fermentation conditions. Kimchi contains Leuconostoc, Lactobacillus, and Lactococcus, which
are responsible for the creation of unique sensory properties and nutritional properties [43].
Fish that has been fermented frequently contains L. plantarum, which has qualities that
make it safe for consumption.

The presence of a live culture is dependent on the processing method and the specific
food. An unsuitable process may affect the viability of the LAB. Commercial yogurt
contains live cultures such as Lactobacillus delbrueckii subsp. bulgaricus that are intentionally
added during production to create unique texture, flavor, and nutritional value. The
survivability of probiotics in the gastrointestinal tract (GIT) is often regarded as critical
for their potential health effects [44]. In the context of postbiotics, however, the vitality of
probiotic bacteria may not be as important as the existence and activity of the bioactive
compounds they create, such as organic acids, enzymes, peptides, polysaccharides, and
other metabolites [45]. In the case of conventional probiotic treatments that ingest live
cells, viability is critical for delivering the desired effects in the gastrointestinal system.
According to Sahadeva et al. [46], the ability of the LAB to resist acid and bile is vital to
indicate the survival rate of the bacteria in the intestinal transit and exert their potential
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benefits. As a result, some factors such as the types of strains and fermentation conditions
need to be considered during fermentation [44].

Postbiotics can be characterized as metabolite byproducts produced by beneficial
microorganisms throughout the growth and fermentation process that have a positive
impact on a consumer’s health [47]. Numerous bioactive metabolites including organic
acid (lactic acid, acetic acid), carbohydrates, enzymes, bacteriocins, vitamins (vitamin B12,
riboflavin, and folate), and short-chain fatty acids are present in the postbiotics prepared
from LAB [47,48]. The procedure strains of postbiotics can be naturally found in fermented
food, which plays an important role in the production of bioactive metabolites, including
those from bacterial (Lactobacillus, Streptococcus, and Bifidobacterium) and fungal species
(Saccharomyces) [47]. The consumption of postbiotics may help in the enhancement of gut
health, anti-inflammatory effects, and prevent respiratory infections.

1.4. Metabolism Characteristics of LAB

LAB have a number of vital metabolic characteristics that support their function
in fermentation, including metabolizing sugar (glucose, lactose, and fructose) into lactic
acid, bile tolerance, hydrolyzing protein, and antimicrobial properties [49]. Numerous
beneficial compounds including organic acid, antibacterial, and exopolysaccharides are
produced by metabolism. Lactic acid bacteria can indeed differ across distinct strains in
terms of their specific metabolic characteristics and abilities. The genetic composition,
growth conditions, external environment, and their adaptation to different environments
determine the metabolism characteristics of LAB. For example, Lactobacillus delbrueckii subp.
bulgaricus commonly used in yogurt production is associated with lactose metabolism,
whereas the Lactobacillus plantarum found in fermented vegetables is able to metabolize
a wide range of sugars [43]. Furthermore, the utilization of specific strains with known
metabolic characteristics and improved control over the fermentation parameters are
important for producing the desired quality of the product.

1.5. Product Synthesized by LAB

LAB are well known for their ability to decompose macromolecules in various food
substances and synthesize lactic acid as the main product. Lactic acid is a significant
bio-based compound that contributes to texture, flavor, and nutritional enhancement, and
also reduces the pH value of the environment, which inhibits harmful substances. The
product synthesized by lactic acid bacteria depends on the types of fermentation carried
out [50]. On the other hand, these bacteria are also associated with the potential health
attributed to the bioactive peptides, bacteriocins, vitamins, and exopolysaccharides [49].

LAB can yield byproducts that possess bioactivity and contribute to various health-
promoting effects, including anti-allergic, modulate respiratory immunity, anti-gastric
activity, anti-inflammatory, antimicrobial activity, and anti-oxidant effects [51]. EPS can
be produced by several strains of LAB that have been demonstrated in numerous studies
to lead to health modulation, such as anti-diabetic, cholesterol-lowering, anti-oxidant,
anti-ulcer, and immunomodulatory properties [6]. Aside from these benefits, several strains
have the ability to produce enzymes (proteases, lipases, and amylases) with various func-
tionalities that increase nutrient absorption. LAB have been found to produce metabolites
that exhibit antimicrobial properties. Finally, the organic acid (acetic acid and lactic acid)
and bacteriocins produced by LAB exhibit anti-microbial activities.

1.5.1. Organic Acids

Certain metabolisms, including sugar metabolism, can synthesize various types of
organic acid, including lactic acid, acetic acid, butyric acid, and propionic acid, depending
on the metabolic pathway. Lactic acid is the main product produced along the metabolic
pathway, which is divided into L-lactic acid and D-lactic acid based on the different
configurations around the chiral atom. The anaerobic condition throughout the glycolysis
pathway results in the production of lactic acid which contributes to the sour flavor of
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fermented food, such as yogurt and pickles [52]. The fermentation can be divided into
homo-lactic fermentation and hetero-lactic fermentation depending on the final product
produced [26]. According to Thomas Bintsis [53], homo-lactic fermentation is the process
in which lactic acid is the only type of acid, whereas hetero-lactic acid is involved in the
production of lactic acid with other byproducts, such as carbon dioxide, ethanol, and
acetic acid.

In the process of homo-lactic acid fermentation, glucose acts as the carbon source to
create pyruvate through the glycolysis process, which is then subsequently converted to
lactic acid by lactate dehydrogenase. The energy was previously generated in the form of
NADH. As a result, only lactic acid is produced (one mole of glucose produces two moles
of lactic acid and two ATP molecules) [54]. Lactobacillus and Lactococcus are examples of
LAB during homo-lactic acid fermentation. Some homo-fermentative microbes can create
formic acid under stressful conditions through mixed acid fermentation, including different
carbon sources, pH values, or temperatures [55].

In contrast, hetero-lactic acid bacteria decompose the glucose into lactic acid alongside
byproducts including acetic acid, ethanol, and carbon dioxide through the phosphoketo-
lase pathway. Leuconostoc and Oenococcus are examples of hetero-lactic acid bacteria.
Theoretically in hetero-lactic fermentation, one mole of lactic acid is created when one mole
of glucose is decomposed [54]. Glucose 6-phosphate has been transformed into carbon
dioxide, ribulose 5-phosphate, and NADPH via the pentose phosphate (PP) pathway [54].
Lactate dehydrogenase plays an important role in the production of lactic acid from pyru-
vate, and the configuration of the lactic acid is determined by its stereospecificity. L-lactase
dehydrogenase is responsible for the synthesis of D-lactic acid, whereas D-lactase dehy-
drogenase is responsible for the synthesis of D-lactic acid [49]. Other than glucose, lactic
acid bacteria can also metabolize fructose, mannose, or galactose. These hexoses serve as
alternative carbon sources for the fermentation process [53].

The industrial production of organic acid can be performed by chemical synthesis and
fermentation methods for commercial applications. Numerous studies have been carried
out by the food industry to improve the purity of lactic acid, as it is important in terms
of safety, product stability, flavor, and aroma. Saccharification and fermentation (SF) and
separate hydrolysis and fermentation (SHF) are commonly applied in the food industry
in order to produce lactic acid with high optical purity and to reduce sugar residue [56].
Lactobacillus, Leuconostoc, and Streptococcus are known to produce various organic acids as
end products to prevent the spoilage of food and to improve the taste [57]. Apart from as a
flavor enhancer, organic acid in food can be utilized as a food preservation, cleaning, and
sanitizing agent due to its antimicrobial and antioxidant properties [57]. Although the LAB
mainly produces lactic acid, it can also produce 3-hydroxy propionate, acetate, and succi-
nate. For instance, Limosilactobacillus reuteri are capable of producing 3-hydroxypropionic
acid as a metabolic byproduct of glycerol metabolism and Lactiplantibacillus pentosus can
produce acetic acid [49]. The metabolic capacity of LAB to generate organic acid plays a
significant role in their probiotic functionality. Figure 1 has shown homolactic fermentation
and heterolactic fermentation in LAB.

1.5.2. Bacteriocins

Bacteriocins are antimicrobial peptides or proteins produced by both Gram-positive
and Gram-negative bacteria against different closely related bacteria [58]. Lactic acid
bacteria have been extensively documented by several studies for their probiotic prop-
erties, mycotoxin degradation, and inhibition of pathogenic bacteria [59]. According to
Kumariya et al. [60], the bacteriocin function comprises the target bacteria’s cell integrity,
impedes cellular processes, and interferes with the synthesis of DNA or protein. Various
environmental factors, including pH, incubation temperature, nutritional availability, and
composition in the growth medium, have a significant impact on bacteriocin synthesis.
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Figure 1. Homolactic fermentation and heterolactic fermentation in LAB [49].

Bacteriocins can be divided into four different classes based on their biochemical
and genetic characteristics. Class I bacteriocins, also known as lantibiotics, are small post-
translationally modified peptides (<5 kDa) that are characterized based on the presence of
lanthionine and methyllanthionine [26]. Nisin produced by Lactococcus lactis is indeed one
of the well-known examples of Class I bacteriocin that have been extensively studied [61].
According to Svetoslav D. Todorov [59], Class II is the non-lantibiotic, which can be divided
into four subclasses depending on their characteristics: Class II a (listeria-active bacteri-
ocins), Class II b (two-peptide complexes), Class II c (the sec-dependent bacteriocins), and
Class II d (unclassified small heat-stable non-lathionine bacteriocins). This bacteriocin is
small with an amphiphilic helical structure (<10 kDa) that causes cell death by disrupting
the integrity of the cell [62]. Class III bacteriocins are the large bacteriocins (>30 kDa) that
are synthesized by the Lactobacillus helveticus. Bacteriocins generated by bacteria typically
need to be secreted from the cell in order to interact with target cells and exhibit their
antimicrobial effect [49].

The inherent characteristics of LAB bacteriocins confirm their potential for application
in the food industry. Bacteriocins have been extensively used in food preservation, and
their potential for use in cancer therapy and oral care [63] is well known as a natural food
preservative that is secreted by Lactococcus lactis and works against the Listeria monocyto-
genes [49]. This natural preservative is commonly used in the dairy industry and canned
food industry for its antimicrobial properties, improvement of sensory properties, and food
quality. For instance, nisin has been reported to inhibit the growth of Gram-positive bacte-
ria, including Lactilactobacillus sakei in ham production [64]. In addition, Lactiplantibacillus
plantarum can prevent and extend the shelf life of raw minced beef by inhibiting the growth
of spoilage microorganisms [65].
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1.5.3. Vitamins

The metabolites and enzymes produced during the fermentation process can con-
tribute to the bioavailability and production of several vitamins, including vitamin B12,
vitamin C, riboflavin (B2), and folate [49]. The capability of the LAB in the synthesis of
various vitamins is dependent on the strains and species. According to Zhen Wu et al. [66],
L. plantarum showed the highest folic acid production compared to other LAB. Moreover,
Lactococcus lactis and Streptococcus thermophilus are common LAB that are used as the starter
culture in yogurt production due to their folate synthesis capabilities [67].

Foods that contribute to the bioavailability and synthesis of vitamins during fermenta-
tion might be regarded as fortified foods, which are significant to a particular demographic.
Folate is a water-soluble vitamin that is essential in the biosynthesis of nucleotides and
proteins, including DNA replication [67]. The folate is synthesized from para-aminobenzoic
acid (PABA) through a series of reactions. The Lactobacillus strains require the presence of
the PABA in the culture medium synthesis of the folate. Several studies have shown that
the capability to synthesize folate is dependent on the species, strain, and culture condi-
tions [68]. The development of non-folate-producing LAB is determined by the amount
of folate present in the medium, as this strain may need an exogenous source for growth,
whereas folate-producing LAB can regulate folate biosynthesis. It can synthesize folate
when the medium is deficient in it [69]. Most LAB, especially Streptococcus and Lactobacillus,
are examples that have the ability to synthesize folate [70].

Riboflavin, also known as vitamin B2, is a water-soluble vitamin that serves as the
precursor of the flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN),
which are essential for the coenzymes in the redox reactions within the cell [71]. The genes
encoding riboflavin synthase in LAB are clustered on the rib operon and contain the genes
responsible for the synthesis of riboflavin. The guanosine triphosphate and 5-phosphate
ribose are converted into riboflavin, catalyzed by the products of riboflavin synthase genes,
namely RibC, RibB, RibA, and RibH. Vitamin synthesis during the fermentation process can
be considered as the nutritional fortification of the food. LAB can enhance the nutritional
content of fermented food by producing vitamin K and vitamin B12, which contribute to
functional food. For example, S. thermophilus, used as a starter culture in the dairy product
industry, can synthesize folate. Moreover, Lactococcus laudensis and Lactococcus hircilactis are
added to fermented milk production to produce folate that enhances the nutritional value
of the product [72].

1.5.4. Exopolysaccharides (EPS)

Exopolysaccharides are biodegradable polymers formed from sugar monosaccharides,
which are synthesized and secreted by LAB into their surrounding environment [73] (Pinar
Sanibaba, 2016). EPS is important in order to provide the specific texture, viscosity, and
probiotic properties of fermented food. These polymers are widely used as stabilizers and
emulsifying agents in the food industry due to their water-holding capacity [74]. On the
other hand, EPS have been associated with the potential health benefits of existing anti-
inflammatory activities, and antitumor and anticancer properties [75]. Several studies have
shown that EPS contribute to gut health and promote bacterial colonization by forming a
protective matrix [76]; Lactiplantibacillus plantarum, Fructilactobacillus, Lactococcus, Weissella,
and Leuconostoc are especially capable of producing different kinds of EPS based on the
strain [77,78].

These polymers can be classified into homopolysaccharides (HoPS) and heteropolysac-
charides (HePS) based on the composition of the sugar unit. HoPS are polysaccharides
composed of a single type of monosaccharides, whereas HePS consist of different types of
monosaccharides [79]. The sugar composition and chain length of the EPS depend on the
species of LAB that contribute to the wide range of applications in the food industry [80].
The biosynthesis of HoPS is considered to be a simple process compared to the other
polysaccharides syntheses, as it does not involve the active transportation stage in the
synthetic pathway. These polymers are synthesized by glycansucrases and fructansucrase,
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respectively, by allowing the glucose and fructose to act as the glycosyl donors in this syn-
thesis [73]. In contrast, HePS biosynthesis is more complex due to the sugar composition,
molecular weight, and linking pattern. It is involved in the sugar activation of the sugar
nucleotide precursor formation, polymer chain elongation, branching, and the export of
the EPS [49,81,82]. Environmental factors, including pH, temperature, time, and also the
strain of the LAB, influence EPS production. For example, Xue Han et al. [83] showed that
the combination of Streptococcus thermophilus and Lactobacillus delbrueckii subsp.bulgaricus
produce higher EPS content and better sensory texture of yogurt.

EPS can be considered to be valuable additives, including thickeners, fat substitutes,
and texturizers that improve the rheological properties, sensory attributes, and texture of
fermented food. EPS include glucans, used as the stabilizer, thickener, and emulsifier in
food production to improve the texture and consistency of products. EPS-producing starter
culture can be utilized in the production of fermented food to improve the rheological prop-
erties of the product. Adding the EPS-producing strain of Lactobacillus plantarum improves
the texture properties, sensory value, and moisture content of low-fat cheddar cheese [49].
Moreover, Lactococcus lactic F-mou synthesis of the EPS shows excellent water-holding
capacities, antioxidant properties, and inhibitory effects against pathogenic bacteria [84].

1.5.5. Gamma-Aminobutyric Acid

Gamma-aminobutyric acid (GABA) is a neurotransmitter catalyzed by glutamate
decarboxylase (GAD) and pyridoxal-5′-phosphate [49]. This substance is regarded as one
of the bioactive compounds created by LAB that may be beneficial to the consumer’s
health. GABA can enhance the metabolism of the brain cells that regulate the growth of
hormone secretion, protein synthesis, fat burning, and blood pressure by improving oxygen
delivery and blood flow [85]. The potential health effects of GABA include antidepression
by promoting relaxation and reducing anxiety, lowering cholesterol, blood pressure reg-
ulation, and anticarcinogenic properties. Lactobacillus namurensis, Lactobacillus paracasei,
and Lactobacillus brevis are examples of LAB that have demonstrated the capacity to pro-
duce GABA due to the presence of GAD [85]. Moreover, some Streptococcus thermophilus,
Lactococcus lactis, and Leuconostoc strains have recently been found to be able to produce
GABA [86].

The primary mechanism of intracellular GABA production is the L-Glu decarboxy-
lation process. The decarboxylation reaction of L-glutamate to produce aminobutyric
acid is carried out by GAD and pyridoxal-5′-phosphate (cofactor). There have been a
number of significant genes identified that control the production of gamma-aminobutyric
acid (GABA). According to Chang Jiang Lyu [87], the mutation of the GadA gene in
Levilactobacillus brevis makes it easier for L-monosodium glutamate (MSG) to be converted
to GABA. The inhibition of the GABA aminotransferase showed an increase in GABA
production [86]. Additionally, the generation of GABA is influenced by several factors,
including temperature, pH, culture composition, and time [88]. The addition of glutamate
in the medium shows the increasing concentration of GABA by L. paracasei and L. brevius.
Some microorganisms with a high level of safety that are able to produce GABA can be
added to the food to act as fortification products. Additionally, LAB can ferment cheese,
yogurt, and milk to act as GABA-enriched goods [89]. Currently, Levi Lactobacillus brevis is
typically utilized in fermentation to produce GABA, as it is able to convert monosodium
glutamate and L-glutamic acid into GABA.

1.5.6. Flavor Substances

In addition to the possible health benefits, fermented food is known for its distinctive
flavor. The presence of desirable flavor compounds is the key factor in determining the
sensory characteristics of fermented food. According to Coolbear et al. [90], organic acids,
alcohols, ketones, and esters are some of the flavoring compounds made by lactic acid
bacteria. LAB can function either as the dominant bacteria or combine with other bacteria to
produce flavor substances. Generally, the flavor substances are generated by biosynthesis,
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the enzymatic reaction by the enzyme inside the food, oxidative decomposition by the
exposure of heat with oxygen, and the pyrolysis process where the organic compound
decomposes because of high temperature [91]. During yogurt production, the flavor
substances can be generated by amino acids, fatty acids, and carbohydrates. According to
Chen Chen et al. [52], Lactococcus lactis, Lactobacillus species, and Streptococcus thermophilus
are responsible for the production of flavor substances, including alcohol and esters. In
addition, the addition of LAB in sourdough fermentation contributes to the sour aroma [49].
There are multiple metabolic pathways involved in the synthesis of flavor substances.
The citric acid pathway, also known as the Krebs cycle, is one of the metabolic pathways
that synthesize intermediate compounds such as citric acid and succinic acid, which then
contribute to flavor formation [49]. In addition, sugar metabolism leads to the production
of sugar alcohol, which contributes to the sweet taste of the food.

1.6. Application of LAB in Clinical Nutrition

LAB have been used in clinical nutrition for a range of purposes and are well known for
their health-promoting qualities. LAB also possess therapeutic properties that are important
to enhance human health. Because they have been demonstrated to enhance immune
function, promote gut health, and lower the risk of infections, LAB are frequently used as
probiotics. To increase nutrient absorption and enhance gut health, LAB are also utilized in
enteral and parenteral nutrition [7]. Additionally, it has been established that LAB have
anti-inflammatory and antioxidant properties, making them a possible therapeutic choice
for a number of conditions, such as inflammatory bowel disease, irritable bowel syndrome,
and specific types of cancer.

1.6.1. LAB in the Management of Lactose Intolerance

The symptoms of lactose intolerance, an inherited autosomal recessive trait with
incomplete penetrance, are caused by the non-absorbed lactose in the small intestine
moving to the colon, where it is metabolized by the intestinal flora and produces short-chain
fatty acids and gas, primarily hydrogen (H2), carbon dioxide (CO2), and methane (CH4).
Lactose intolerance symptoms vary depending on the residual lactase activity and can
cause severe digestive disorders. Colonic adaptation of probiotics is one of the treatments
for lactose intolerance [92]. In probiotic preparations, the most common organisms include
Lactobacillus, Escherichia, Bifidobacterium, Bacillus, Enterococcus, Streptococcus, and some
fungal Saccharomyces strains. Cano-Contreras et al. [93] highlighted the efficacy of probiotics
in reducing lactose intolerance symptoms. It was suggested that the probiotics help in
modifying the pH of the intestine. Some strains of LAB also help in the secretion of bacteria
lactase into digestive systems [94].

The administration of probiotic supplementation increases the concentration of β-
galactosidase, which helps to alleviate the symptoms of lactose malabsorption. A previous
study found the effect of L. bulgaricus strains increases the amount of β-galactosidase [95].
Pakdaman et al. [96] demonstrated the effectiveness of LAB in reducing the symptoms of
lactose intolerance, whilst Roškar et al. [97] reported a non-significant difference between
the placebo group and the probiotic group in reducing lactose intolerance symptoms,
particularly diarrhea and flatulence, as compared to the baseline. Nevertheless, this study
found an improvement in alleviating the symptoms after LAB consumption. A recent
meta-analysis reported the effectiveness of probiotic administration in alleviating lactose
intolerance symptoms among adults [98] (Ahn et al. 2023).

1.6.2. LAB in the Treatment of Diarrhea

For decades, malnutrition, particularly undernutrition in hospitalized patients, has re-
ceived significant attention [99]. Critically ill patients frequently experience non-contagious
diarrhea, which has been linked to hospital stay. Antibiotic-associated diarrhea is very
common among critically ill patients and it has been shown that microbes are not the major
source or risk factor of non-infectious diarrhea [7]. A significant number of microorgan-
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isms that are part of the gut microbiota, a complex ecosystem, play important roles in the
growth, metabolism, and aging of the host. The composition and phenotype of intestinal
microorganisms significantly change during critical illness and the subsequent medical
interventions, making the patient more vulnerable to opportunistic infections, even de-
veloping System Inflammatory Reaction Syndrome (SIRS) or Multiple Organ Dysfunction
Syndrome (MODS) [100]. A wide range of antibiotics are used, which result in the loss
of beneficial bacteria from the gut. Diarrhea is a major clinical adverse effect that leads
to poor prognoses, such as poor wound healing, electrolyte imbalance, the loss of fluid,
hemodynamic instability, and a deficiency of nutrients.

Many beneficial bacteria have been isolated and used to treat gastrointestinal symp-
toms. LAB have the potential to improve gut health by producing lactic acid, bacteriocins,
and short-chain fatty acids, all of which serve to keep the balance of gut microbiota and
prevent the overgrowth of harmful bacteria. Probiotics work by inhibiting the action of
pathogenic bacteria, aiding immunomodulation, enhancing gut barrier function, and assist-
ing in the release of neurotransmitters. Thus, probiotics aid in the maintenance of a sound
gut-brain axis [101,102]

Bacteroidetes and Firmicutes phyla probiotics, including Lactobacillus, Bifidobacterium,
and Streptococcus salivarius subsp., have been used to treat a range of intestinal symptoms,
including diarrhea-dominant irritable bowel syndrome (IBS), diarrhea, inflammatory bowel
disease, and antibiotic-induced diarrhea. A recent systematic review and meta-analysis
included studies (all conducted in China) that showed that probiotic significantly reduces
gastrointestinal complications in severe stroke patients, according to a new systematic
review and meta-analysis of studies (only conducted in China) p < 0.0001 [103]. Skrzydło-
Radomańska et al. [104] reported that the use of multi-strain synbiotic preparations was
associated with a significant improvement in symptoms of IBS. A pilot randomized study
also revealed the effectiveness of sporulated bacillus in alleviating the symptoms of diarrhea
among patients on enteral nutrition compared to fiber-enriched formula alone [105].

Two recent meta-analyses reported different findings. A meta-analysis study by
Alsuwaylihi and McCullough [7] found a potential effect of probiotics (Lactobacillus rham-
nosus GG and Bacillus cereus on clinical or diarrheal outcomes in critically ill patients.
Lee et al. [106], in another meta-analysis study, did not support the beneficial effect of
probiotics on the treatment of diarrhea in critically ill patients. As a result, the optimum
dosage and effectiveness of probiotics on the reduction of diarrhea remains inconclusive.

1.6.3. Immunomodulatory Effects of LAB

Utilizing LAB in enteral nutrition has drawn more attention in recent years, especially
in critically ill patients who receive nutrition through a feeding tube. It is also worth
noting that the use of LAB in enteral nutrition should be closely monitored and tailored
to each patient’s medical history, health state, and other variables. In vivo evidence of
probiotics’ ability to suppress the generation of proinflammatory cytokines and stimulate
IgA secretion has been documented in several investigations in recent years [107]. The
gastrointestinal tract is an essential microbiologically active ecosystem that plays a crucial
role in the working of the mucosal immune system.

LAB, including Lactobacillus and Streptococcus lactis, have shown a positive effect in
terms of improving the immunity of individuals. Wei et al. [108] explored the clinical
effect of compound LAB capsules with Escitalopram (a medicine used to treat depression)
on small intestinal bacterial overgrowth (SIBO) in patients with depression and diabetes.
CD3+ and CD+4 showed a greater increment among individuals supplemented with LAB
compared to the control. Lactobacillus and Streptococcus lactis act on the body to multiply in
the intestinal tract, increase lactic acid production, and inhibit the reproduction of spoilage
bacteria. It was found that the modulation of the immune system by gut microbiota is via
the production of molecules with immunomodulatory and anti-inflammatory functions that
can stimulate immune cells. Immunomodulatory effects were produced by the probiotic

179



Foods 2023, 12, 2850

interaction with epithelial cells and dendritic cells, as well as with monocytes/macrophages
and lymphocytes [109].

LABs were found to synthesize low molecular weight compounds such as organic acid
and large molecular weight antimicrobial compounds (known as Bacteriocins). Bacteriocins
produced by LAB probiotics exhibit strong inhibitory effects against pathogenic Gram-
negative bacteria, such as H. pylori. Oral administration of LAB increases Paneth cells
based in the small intestine [110]. Aggravations or alterations of the normal intestinal
microflora in the gastrointestinal gut are the common cause of inflammatory bowel diseases
such as Crohn’s disease. Additional probiotics in individuals’ diets have been shown to
replenish or modify gut microflora [111].

Ventilator-associated pneumonia (VAP) is the most prevalent fatal complication of
nosocomial infection (NI) in intensive care unit (ICU) patients. Beneficial bacteria play
an important role in maintaining the intestinal barrier and host immunity. In a meta-
analysis, Batra et al. [112] found that probiotics supplementation decreased the incidence
of VAP, the length of mechanical ventilation, the length of ICU stays, and in-hospital
mortality among ventilated critically sick ICU patients. A previous study highlighted the
supplementation of two capsules of probiotic containing LAB had a lower incidence of
statistically microbiologically confirmed VAP [113]. Despite high-quality random trials on
the efficacy of LAB in preventing VAP, this dietary therapy remains highly controversial in
the reduction of VAP among patients with trauma or other critical illness [114].

The disease known as sepsis, on the other hand, can arise as a side effect of an infection
and is potentially fatal. It happens when the body’s reaction to an infection is thrown off
balance, resulting in a systemic inflammatory response across the body. Numerous studies
have shown that nutritional therapy for malnourished individuals reduces the chances of
infection complications, wound inflammation, and mortality [115]. In critically ill patients,
the commensal microbiota deteriorates, in which most ICU patients are associated with
infections and mortality [116]. Sepsis among critically ill patients has been associated
with lowering microbiota in the gut. The integrity of the intestinal epithelial barrier
and the absorptive function of the intestinal mucosa may be compromised as a result
of changes in the intestinal microbial composition during severe illness. LAB has anti-
inflammatory properties and may aid in reducing the risk of infection and sepsis in critically
ill patients [117]. The isolated bacteria are also termed “probiotics”. The administration of
synbiotics (probiotic and prebiotics containing lactic acid bacteria) containing the B. breve
strain and the L. casei strain, in an amount of 3 g per day, was initiated within 3 days after
admission through enteral feeding. The synbiotic is used to inhibit pathogenic bacteria
and toxins through signal interaction and prevent septic complications. In this study, the
numbers of Bifidobacterium sp. and total Lactobacillus sp. in the synbiotic group also showed
an increment [118]. Shimizu et al. [118] reported that the use of the synbiotics of LAB had
fewer complications of diarrhea and ventilator-associated diarrhea. The usage of probiotics
resulted in a better outcome in terms of lowering overall ICU infection rates, particularly
VAP [7].

1.6.4. LAB and Hepatoprotective Effects

Ethanol exposure is strongly linked to alcoholic liver disease (ALD), a chronic illness
with the highest incidence and mortality rate in the world [119]. ALD includes alcoholic
fatty liver, alcoholic steatohepatitis, alcoholic hepatitis, alcoholic fibrosis, alcoholic cirrhosis,
and alcoholic hepatocellular carcinoma. In recent years, studies have found a close relation-
ship between alcohol and gut microbiota [120]. Alcohol can increase intestinal permeability,
which leads to liver damage with the release of reactive oxygen species (ROS), adhesion
molecules, chemokines, and proinflammatory cytokines; therefore, the use of probiotics
may limit the progression of ALD by changing the intestinal bacteria [19].

Bakhshimoghaddam et al. [121] reported a reduction in the liver function test profile
including the serum concentration of alanine aminotransferase, aspartate aminotransferase,
alkaline phosphatase, and γ-glutamyltransferase among non-alcoholic fatty liver disease
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(NAFLD) patients receiving supplementations of Bifidobacterium animalis compared to the
control group. Nevertheless, Mohamad Nor et al. [122] found no significant effect of
combining LAB containing Lactobacillus and Bifidobacterium on the liver function test profile.
Variceal bleeding has a high incidence among patients with liver cirrhosis and leads to a
high risk of mortality and morbidity.

1.6.5. LAB for Prevention and as a Potential Natural Anti-tumour Drug

Exopolysaccharides produced by lactic acid bacteria, as one of the most important
functional components of LAB metabolic products, have attracted considerable attention
in recent years due to their unique physicochemical properties [123] and their ability
to modulate cancer cell proliferation and apoptosis both in vitro and in vivo [124]. The
effectiveness of LAB in clinical trials has been limited and inconclusive. More clinical trials
are necessary to establish the potential benefits of LAB in the prevention and treatment of
cancer. In a study by Zhao et al. [125], probiotic-enriched nutrition formula among gastric
cancer patients who received enteral nutrition had a lower number of surgery side effects,
such as diarrhea and intestinal disorder, compared to those with fiber-free or fiber-enriched
nutrition formula.

Recent studies have indicated the beneficial role of probiotics in the prevention of
carcinogenesis and have presented new promising therapeutic options. However, the safety
used for cancer patients remains inconclusive [126]. More research is needed to conclude
the potential benefits of probiotics for cancer patients.

1.6.6. LAB in the Management of Glycemic Control

Diabetes remains an overwhelming health problem worldwide despite advancements
in healthcare management. Probiotic supplements do not cause clinically significant de-
creases in Hemoglobin A1c (HbA1c) levels in people with type 2 diabetes, but they do
cause marginally clinically significant reductions in fasting glucose and fasting insulin
levels. Multi-strain and high-dose probiotics have had a larger positive impact on glucose
homeostasis compared to single-strain and low-dose probiotics. Probiotic therapy may
also be more successful in people who are older and have a high baseline Body Mass
Index (BMI) [127]. The supplementation of 108 CFU of L. casei 01 for 8 weeks significantly
reduced the serum fetuin-A level, fasting blood sugar, insulin concentration, and insulin re-
sistance [128]. In contrast, the supplementation of probiotic yogurt containing Lactobacillus
acidophilus and Bifidobacterium lactis showed no significant effect on fasting blood glucose,
whilst there was a reduction in hemoglobin A1c compared to the placebo group [129].
This discrepancy might be due to the period of study, the dosage, and the use of LAB.
Further study is needed with longer interventions to better conclude the effectiveness of
LAB on blood glucose control. Table 2 has summaries the functional properties of LAB in
the management of nutrition.

Table 2. Functional properties of LAB in the management of nutrition.

Therapeutic Effects Lactic Acid Bacteria (LAB) Strain Remarks References

Lactose intolerance

Lactobacillus acidophilus,

Method: Supplementation
L. acidophilus

Results: Abdominal symptom
(LAB < control)

[96]

B. animalis, Lactobacillus plantarum

Methods: Supplementation of
B. animalis

Results: Abdominal symptoms (no
significant difference)

[84]
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Table 2. Cont.

Therapeutic Effects Lactic Acid Bacteria (LAB) Strain Remarks References

Lactose intolerance Lactobacillus plantarum, P. acidilactici

Method: Supplementation of
Lactobacillus plantarum and
P. acidilactici among lactose

intolerance patients
Results: Total symptom score of

lactose intolerance (LAB < control)

[93]

Gastrointestinal problem:
diarrhea

Baccilus cereus

Method: Supplementation of
20 mL/day Baccilus cereus or
soluble fiber (control) among

patients with diarrhea on
enteral feeding

Results: Ceasing the diarrhea
incident (no significant difference),
duration to stop diarrhea (B. Cerius

group < control)

[105]

Lactobacillus rhamnosus, Lactobacillus
acidophilus, Bifidobacterium lactis,

Bifidobacterium longum,
Bifidobacterium bifidum

Method: Synbiotics
supplementation among

diarrhea-dominant IBS for 8 weeks
Results: After intervention, feeling
of incomplete bowel movements,

flatulence, pain, stool pressure, and
diarrheal stools

(synbiotics group < control)

[104]

Immunomodulatory
effect

Bifidobacterium breve,
Lactobacillus casei

Method: 3 g supplementation of
synbiotics (Bifidobacterium breve and

Lactobacillus casei) within 3 days
after admission

Results: Enteritis and penumonia
incidence lowered in synbiotics

group compared to control

[118]

Lactobacillus and Streptococcus lactis

Method: Lactic acid bacteria
capsule among depression and

diabetes patient
Result: Reduction of self-rating
anxiety scale, IL-2 and TNF-α,

fasting plasma (LAB > control), and
increment of CD+4 (LAB > control)

Adverse effect LAB < control)

[108]

Lactobacillus casei, Lactobacillus
acidophilus, Lactobacillus rhamnosus,

Lactobacillus bulgaricus,
Bifidobacterium breve, Bifidobacterium

longum, Streptococcus thermophiles

Methods: Supplementation of
1 capsule/12 h among VAP

multi-trauma patients
Results: VAP

(intervention group < control)

[130]

Lactobacillus rhamnosus

Method: Supplementation of
2 × 109 Colony Forming Units

(CFU) of Lactobacillus rhamnosus GG
on a twice daily basis among

ventilated medical ICU patients
Results: VAP (no significant
difference between LAB and

the control)

[131]
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Table 2. Cont.

Therapeutic Effects Lactic Acid Bacteria (LAB) Strain Remarks References

Immunomodulatory
effect

L rhamnosus GG

Method: Enteral L rhamnosus GG
twice daily among patients

on ventilation
Results: VAP incidence (no

significant difference between both
the intervention group and

the control)

[132]

Hepatoprotective effect

Bifidobacterium animalis

Method: Supplementation of 300 g
synbiotics yogurt (B. animalis and
inulin) or conventional (control)

among NAFLD patients
Results: Grades of NAFLD

(synbiotics group < control),
reduction in serum concentration of
alanine aminotransferase, aspartate

aminotransferase, alkaline
phosphatase, and

γ-glutamyltransferase (synbiotics
group > control)

[121]

Lactobacillus, Bifidobacterium

Methods: Supplementation of
probiotics sachet or placebo for 6
months among NAFLD patients

Results: No significant difference in
LiverFAST analysis (steatosis,

fibrosis, and inflammation scores),
alanine aminotransferase

[122]

Treatment of cancer

Bifidobacterium, lactobacillus

Method: Gastric cancer patient
receiving fiber-free nutrition

formula (FF group), fiber-enriched
nutrition formula (FE group), and

fiber- and probiotic-enriched
nutrition formula (FEp group)

Results:
The FEP group had the lowest

number of diarrhea and
intestinal disorders.

No significant difference in the
lymphocyte count, albumin,

prealbumin, and transferrin levels

[125]

Bifidobacteria, Lactobacillus

Method: Supplementation of
probiotics + glucose solution or

glucose solution (control) among
colorectal cancer patients

undergoing radical resection
Results: Increase in intestinal

micro-ecological environment and
strengthening of the intestinal

mucosal barrier function (glucose
solution + probiotic group >

glucose group), duration of early
recovery of inflammatory response
(glucose solution + probiotic group

> glucose group)

[120]
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Table 2. Cont.

Therapeutic Effects Lactic Acid Bacteria (LAB) Strain Remarks References

Glycemic control

Lactobacillus casei

Method: 108 CFU of L. casei
supplementation for 8 weeks

among type 2 diabetes mellitus
Result: Serum fetuin-A level,
fasting blood sugar, insulin
concentration, and insulin

resistance significantly decrease
among L. casei supplementation

compared to the control

[128]

Lactobacillus acidophilus,
Bifidobacterium lactis

Methods: 200 g/d yogurt
containing probiotic

4.65 × 106 CFU/g or placebo group
received 200 g/d

conventional yogurt
Results: No significant different in

fasting plasma glucose (FPG),
hemoglobin A1c (HbA1c)

[129]

1.7. Challenge of Lactic Acid Bacteria as a Food Nutrient

While lactic acid bacteria have shown promise in the food industry, their use as
food nutrients in clinical nutrition poses additional challenges. Not all clinical trials have
shown improvement in the health of individuals receiving probiotic medication, and
very few have indicated that probiotic strains may be the causal agents of opportunistic
illnesses. These very uncommon illnesses are mostly seen in higher-risk categories, such
as immunocompromised people. In immunocompromised individuals, there is a chance
that specific LAB strains might increase their risk of infection or sepsis, among other safety
issues. It is also important to ensure the LAB used as dietary nutrients do not compromise
the efficiency or absorption of other drugs [133]. Future studies should emphasize the drug-
nutrient relationship in the creation and delivery of the therapeutic effects of LAB. More
investigations into the probiotic-drug and probiotic-gut microbiota interactions are required
in the near future because the precise mechanisms are still partially understood [134].
Additionally, LABs are known to have immune-modulating effects on the host, making
them a prospective therapeutic and preventative choice for a number of illnesses, including
inflammatory disease. Understanding the genus and species of the probiotics is crucial to
attaining the desired effects on the host, since probiotic effects vary depending on the dose,
circumstance, and strain [135]. LAB usage can be considered generally safe for healthy
individuals. There is an urgent need for further evidence on adverse events, particularly in
immunocompromised hosts and vulnerable groups in both the short and long term [136].

2. Conclusions

Understanding the characteristics of LAB and their application in the management
of nutrition is important for ensuring optimal health outcomes. These nonpathogenic
bacteria are useful in technological and industrial processes. LAB is characterized as a
phylogenetic and functionally diverse taxonomic order of bacteria. By modulating the
gut microbiota, LAB supports better digestion, increase nutritional absorption, improve
antimicrobial properties, and boost immunological function. The safety profiles of various
LAB as a function of various genera, species, and strains, as well as their applicability in a
variety of people or populations at risk, have gained substantial interest. The use of LAB
to provide health benefits to the host requires the specification of the dosage regimens
and the duration of use as recommended by the manufacturer of each individual strain
or product based on scientific evidence, and as permitted in the country of sale, as per
the Joint FAO/WHO (2002) guidelines on LAB. The minimal daily dose required for any
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LAB-containing product to bestow a particular health benefit or advantage should also
be specified. Clear proof of this goal should come from in vitro, animal, or human clinical
investigations, if feasible.
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