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A B S T R A C T

Camu-camu (Myriciaria dubia Mc. Vaugh) is a tropical fruit rich in phenolic antioxidants with diverse human
health benefits. The aim of this study was to improve phenolic antioxidant–linked functionalities of camu–camu
relevant for dietary management of early stages of type 2 diabetes (T2D) and associated hypertension using
lactic acid bacterial (LAB) fermentation. Dried camu–camu powder combined with soymilk was fermented using
two LAB strains, Lactobacillus plantarum & Lactobacillus helveticus individually and evaluated for total soluble
phenolic content, total antioxidant activity, α-amylase, α-glucosidase, and angiotensin-I-converting enzyme
(ACE) inhibitory activities using in vitro assay models. Overall, fermentation of camu–camu and soymilk com-
bination with both LAB strains resulted in higher α-amylase, and α-glucosidase inhibitory activities, while total
soluble phenolic content and antioxidant activity did not change significantly with fermentation. Improvement
of ACE enzyme inhibitory activity was also observed when camu–camu (0.5 & 1%) and soymilk combination was
fermented with L. plantarum. Therefore such safe and value added fermentation strategy with LAB can be used to
improve human health relevant phenolic antioxidant profile in camu–camu and has relevance for designing
innovative probiotic beverage to target improved food designs for dietary support for T2D and associated hy-
pertension management.

1. Introduction

The health benefits of camu–camu was rationally improved as a
food-based beverage in a soymilk substrate design for type 2 diabetes
and hypertension targets using lactic acid fermentation. The rapid rise
in prevalence and occurrence of non-communicable chronic diseases
(NCDs), such as type 2 diabetes (T2D) and associated hypertension is in
part related to recent global changes in lifestyle and dietary patterns to
which individual genetic make-up is responding in different ecologies.
These diet and lifestyle related changes include higher consumption of
calorie-dense hyper-processed foods, sedentary lifestyle, and increasing
stress in everyday-life [1]. The number of individuals with T2D is in-
creasing exponentially, and it is estimated to reach over 592 million by
year 2035 globally [2]. The social and economic burden of NCDs in-
cluding T2D is enormous with direct individual annual costs for dia-
betes treatment being around $11,917 in the United States [3]. It is
important to develop complementary food-based therapeutic dietary
support strategies which are safe, sustainable, and cost-effective along
with pharmaceutical drug based interventions. Nutritionally balanced
food designs with higher proportion of dietary fiber that support the

microbiome and phytochemical enrichment targeted to counter the
chronic disease pathways is one such cost effective strategy which can
contribute significantly to reduce the overall risk of T2D and its asso-
ciated complications [4]. It has been suggested with some empirical
evidence that higher consumption of whole grains, berries, vegetables,
and fruits rich in phenolic bioactives with high antioxidant activity is
associated with lower risk of T2D and its complications [5].

Therefore such food-based preventative strategies are potentially
more effective during early-stages of the disease development and can
play significant role to counter micro and macro-vascular complications
associated with T2D [6]. Previously T2D relevant bioactive benefits
were observed in camu-camu [7], which has been further developed in
this study. Camu-camu is a fruit from tropical Amazon with high health
relevant phenolic bioactive profile. Previous studies have found very
high vitamin C and ellagic acid in camu–camu when compared to
others fruits [8]. High antioxidant activity, antimicrobial, and anti-
diabetic properties, especially very high α-glucosidase inhibitory ac-
tivity was also observed in camu–camu [7]. However, this fruit is highly
perishable, which makes transportation and storage very expensive.
The sensory property, mostly high acidity is also another limiting factor
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for lower consumption of camu–camu as a fresh fruit. Rapidly proces-
sing camu–camu into a well preserved powder and further using fer-
mentation based and low energy requiring processing is one potential
strategy to extend shelf-life, to improve sensory qualities, and to in-
crease functionality of previously established human health relevant
bioactive compounds [7,9]. Such fermentation strategy can advance the
value added consumption coupled to new market opportunities, and
can harness the potential human health benefits of this bioactive en-
riched fruit.

Traditional fermentation strategy, including LAB based fermenta-
tion has long been used in dairy and plant-based foods to improve food
quality and food safety parameters [10]. Fermentation also helps to
improve shelf-life and nutritional quality of perishable foods [11].
Therefore fermenting fruit ingredients in a synergistic nutrient base
with LAB with probiotic potential offers excellent strategy to design
new functional foods, beverages and food ingredients with potential
human health benefits, such as improved intestinal microflora regula-
tion, enhanced anticarcinogenic, anti-inflammatory, and anti-diabetic
properties [12]. Further, targeted phenolic bioactives in fermented
fruits also has potential to exert dual functions as antimicrobial against
pathogenic microorganisms, while promoting the growth of good bac-
teria in the gut [13]. Maintenance of good microbiome in the gut is
essential to improve overall metabolism including glucose metabolism,
which can potentially be part of prevention and management of T2D.
Further improvement in phenolic antioxidant activity and α-glucosi-
dase enzyme inhibitory activity was also observed in LAB fermented
fruit substrate [12]. Therefore camucamu fruit containing high phe-
nolic antioxidant content and high anti-diabetic properties is an ex-
cellent target for designing new probiotic beverage integrating LAB
fermentation. However prior to effective beverage design with camu-
camu, it is important to optimize the ideal fruit concentrations in an
effective protein nutrient carrier substrate like soymilk which can be
rationally bio-transformed by LAB with probiotic potential thereby
enhancing health benefits.

Therefore, the major aim of this study was to improve and evaluate
phenolic bioactive-linked antioxidative, anti-hyperglycemic, and anti-
hypertensive properties of camu–camu combined with soymilk by fer-
menting with two separate LAB strains; L. helveticus and L. plantarum.
Further different concentrations of freeze and spray-dried camu–camu
powder in soymilk with gum arabic as a carrier agent for substrate
stabilization were compared to find optimum formulation for LAB fer-
mentation.

2. Materials and methods

2.1. Materials

Freeze-dried and spray-dried of camu–camu pulp (Myrciaria dubia
Mc. Vaugh) powders were collected from Sao Paulo, Brazil. Plain soy-
milk was purchased from a local supermarket (Hornbachers, Fargo, ND,
USA). The bacterial strains used in this study were L. helveticus (ATCC
12046) and L. plantarum (NCDO 1193) provided by Rosell Institute Inc.,
Montreal, Canada.

2.2. Spray-drying

Spray-drying of camu powder was performed in a pilot scale spray-
dryer (Labmaq, SD 5.0, Brazil). The pulp was injected by a peristaltic
pump at a fixed rate of 44 mL/min and was spray-dried at inlet air
temperatures (120 °C) using different concentrations of gum arabic (6,
12 and 18%) as a carrier agent (Nexira Brazil Com. Ltd., Brazil).

2.3. Freeze-drying

Two kilograms of frozen pulp were lyophilized in a Pironi 501
freeze-drier (Thermo Electron Corporation, New York, USA) at −80 °C

and 100 mTorr for 120 h.

2.4. Fermentation with soymilk

Initially, 100 μL of frozen L. helveticus and L. plantarum stock were
inoculated separately and individually into 10 mL MRS broth (Difco,
Becton, Dickinson and Co., Franklin Lakes, New Jersey, USA) for 18 h at
37 °C. After that, 100 μL of the grown strain was re-inoculated into
10 mL MRS broth for 18 h at 37 °C. Then 150 mL of soymilk were
placed into each 250 mL Erlenmeyer flask. Different concentration of
camu–camu powders (0, 0.5%, and 1%) were then added and mixed in
soymilk. Camu-camu and soymilk combinations were then inoculated
with 1.5 mL of freshly grown LAB strain (6.30 Log CFU/mL L. plantarum
and 5.82 Log CFU/mL L. helveticus). Fermentation was carried out at
37 °C in a closed incubator (VWR), and 30 mL of samples were taken
out at 0, 24, 48 and 72 h for biochemical assays. The samples were
centrifuged at 15000g for 15 min prior to carrying out in vitro assays.

2.5. Growth of bacteria by colony counts assay

The concentration of LAB (CFU/mL) in fermenting medium was
determined at 0, 24, 48 and 72 h, by pipetting 100 μL of the sample,
serially diluting, and plating on MRS medium. The plates were in-
cubated anaerobically in BBL GasPak jars (Becton, Dickinson and Co.,
Franklin Lakes, New Jersey, USA) with BD GasPak EZ anaerobe con-
tainer system sachets (Becton, Dickinson and Co. Franklin Lakes, New
Jersey, USA) at 37 °C for 24 h, and individual colonies were counted.
The pH of the samples was also measured at 0, 24, 48 and 72 h.

2.6. Total soluble phenolic content

Total soluble phenolic content of LAB fermented camu–camu and
soymilk combinations was determined by Folin-Ciocalteau method as
described by Shetty et al. [14]. Briefly, 0.5 mL of sample extract was
added to a test tube and mixed with 0.5 mL of distilled water (2 times
dilution), 1 mL of 95% ethanol, and 5 mL of distilled water. To each
sample, 0.5 mL of 50% (vol/vol) Folin-Ciocalteau reagent and 1 mL of
Na2CO3 (5%) was added and mixed using a vortex. The combined
mixture was then incubated in dark for 1 h at room temperature
(26 °C). After 1 h incubation the absorbance of the sample was recorded
at 725 nm using a UV–vis spectrophotometer (Genesys UV/Visible,
ThermoFisher, Waltham, MA, USA). Results were expressed as μg of
gallic acid equivalent/mL of sample.

2.7. Antioxidant activity by DPPH free radical scavenging assay

Total antioxidant activity was determined using DPPH (1,1-
Diphenyl-2-picryl-hydrazyl) free radical scavenging assay described by
Kwon et al. [15]. A total of 250 μL aliquot of the sample extract was
mixed with 1250 μL of DPPH stock solution (60 μM in ethanol). Control
was carried out with 250 μL of 95% ethanol instead of sample. After
5 min incubation at room temperature absorbance was measured at
517 nm using a UV/VIS spectrophotometer (Genesys UV/Visible,
ThermoFisher,Waltham, MA, USA) The inhibition percentage was cal-
culated as follows

= − ×DPPH Inhibition Abs control Abs sample
Abs control

(%) ( ) 100

2.8. α-Amylase inhibitory activity

The α-amylase inhibitory activity was determined using an assay
modified from theWorthington Enzyme Manual [16]. A total of 500 μL of
sample extract was mixed with 500 μL of α-amylase enzyme solution
(0.5 mg/mL in 0.02 M sodium phosphate buffer, pH 6.9 with 0.006 M
NaCl) and was incubated at 25 °C for 10 min. After 10 min pre
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incubation, 500 μL of a 1% starch solution in 0.02 M sodium phosphate
buffer (pH 6.9 with 0.006 M NaCl) was added to each tube. After ad-
ditional10 min incubation the reaction was stopped with 1.0 mL of di-
nitrosalicylic acid color reagent. The test tubes were then placed in
boiling water (100 °C water bath for 10 min) and later cooled down to
room temperature. The reaction mixture was then diluted to optimize
the reading of control (only enzyme and substrate) to 1.0 at 540 nm
absorbance. Absorbance of all samples (without dilution, half and one-
fifth dilution) at 540 nm was recorded using a Genesys UV–vis spec-
trophotometer (Genesys UV/Visible, ThermoFisher,Waltham, MA,
USA). The readings were compared with the controls, containing buffer
instead of sample extract. The results were expressed as percent α-
amylase inhibition and calculated as follows

−= − − ×α Amylase Inhibition
Abs control Abs sample Abs Sample Blank

Abs Control

(%)

( ( ) 100

2.9. α-Glucosidase inhibitory activity

The α-glucosidase enzyme inhibitory assay was performed ac-
cording to the Worthington Enzyme Manual [17]. A total of 50 μL of
fermented camu–camu extracts was added in a 96-well microplate and
mixed with 100 μL of α-glucosidase enzyme (1unit/ mL) prepared in
0.1 M phosphate buffer (pH 6.9) and incubated at 25 °C for 10 min.
After 10 min incubation, 50 μL of 5 mM p-nitrophenyl-α-D-glucopyr-
anoside solution prepared in 0.1 M phosphate buffer (pH 6.9) was
added to each well at timed intervals. The reaction mixtures were then
incubated at 25 °C for 5 min. Absorbance readings were recorded at
405 nm before and after 5 min incubation by using microplate reader
(Spectra Max 190, Molecular Device Co., Sunnyvale, CA, USA) and
compared to a control that had 50 μL of buffer solution instead of the
sample extract. The results were expressed as percent of α-glucosidase
inhibition and calculated as follows

− = −
×

α Glucosidase Inhibition Δ Abs control Δ Abs sample
Δ Abs control

(%) ( )

100

2.10. Angiotensin-I-converting enzyme (ACE) inhibitory activity

Angiotensin-I converting enzyme inhibitory activity was determined
according to the method modified of Kwon et al. [15]. The substrate
hippuryl-histidylleucine (HHL) and ACE-I enzyme from rabbit lung (1
unit produces 1.0 μmol of hippuric acid from HHL per minute in 50 mM
HEPES and 300 mM NaCl at pH 8.3 at 37 °C) were used for this assay.
Fifty μL of water soluble supernatant of sample extracts was mixed and
incubated with 200 μL of 2 units of ACE-I enzyme solution prepared in
1 M NaCl-borate buffer (pH 8.3) at 37 °C for 10 min. After pre-in-
cubation, 100 μL of a 5 mM substrate (HHL) solution was added to the
reaction mixture. Test solutions were then incubated at 37 °C for 1 h in
a water bath. After 1 h incubation the reaction was stopped by adding
150 μL of 0.5 N HCl. The formed hippuric acid was then detected and
quantified by high-performance liquid chromatography (HPLC). Five μL
of the sample was injected using an Agilent ALS 1100 autosampler into
an Agilent 1260 series HPLC (Agilent Technologies, Palo Alto, CA, USA)
equipped with a DAD1100 diode array detector. The solvents used for
the gradient were (1) 10 mM phosphoric acid (pH 2.5) and (2) 100%
methanol. The methanol concentration was increased to 60% for the
first 8 min and to 100% for next 5 min and then was decreased to 0%
for the next 5 min (18 min total run time). The analytical column used
was a Nucleosil 100-5 C18, 250 × 4.6 mm i.d., with packing material of
5 μm particle size at a flow rate of 1 mL/min at ambient temperature.
During each run, the absorbance was recorded at 228 nm and the re-
lated chromatogram was integrated using Agilent Chemstation (Agilent

Technologies) enhanced integrator for detection of liberated hippuric
acid (A). Pure hippuric acid (purchased from Sigma Chemical Co.) was
used to calibrate the standard curve and retention time. The percent
inhibition was calculated according to

= − −− ×ACE Inhibition Abs control Abs blank Abs sample
Abs control Abs blank

(%) (( ) )
( )

100

2.11. Statistical analysis

All biochemical analyses were run in triplicate and entire experi-
ment was repeated twice. Results were expressed as mean ± standard
deviation (SD). For statistical analysis, the statistical software package
version 11.0 (StatSoft, Inc., Tulsa, OK, USA) was used. Differences be-
tween means were first analyzed by ANOVA test and then Tukey test
(p < 0.05).

3. Results and discussion

3.1. Determination of pH and viable LAB cells counts

In this study we have chosen 2 LAB strains for biotransformation of
camu and soymilk that also have probiotic potential. Higher viability of
potential probiotic bacterial cells in fermented food is critical for both
successful fermentation and for improving human health relevant to
nutritional quality. Physiochemical properties including pH sig-
nificantly affect the viability of the bacterial strains, including LAB
[18]. It has been observed in previous published study that lower
phenolic concentration could promote growth of probiotic bacteria
[19]. In another study, low concentration of tannins (0.1 or 0.2 mg/mL)
did not inhibit L. plantarum growth; however at higher concentration
(1 mg/mL) of same extract bacterial growth was inhibited [20]. Simi-
larly, cranberry and lemon juices inhibited the growth of bacterial cells
due to high acidity [21]. Therefore in this study the viability of the two
targeted bacterial strains, L. plantarum and L. helveticus in soymilk
combined with different concentrations (control, 0.5% and 1%) of
freeze-dried and highly acidic camu–camu powder was evaluated
(Table 1).

The reduction of pH values of fermented camu–camu and soymilk
combination was more rapid with L. plantarum when compared to
sample fermented with L. helveticus (Table 1). Yoon et al. [22] observed
a similar trend in tomato and concluded that it could be due to the
ability of L. plantarum to produce more lactic acid than other LAB
species (L. acidophilus, L. casei and L. delbrueckii). Overall, addition of
camu–camu powder decreased pH values due to the inherent high
acidity of the fruit (Table 1). In this study difference in type of ca-
mu–camu powders (freeze and spray dried) did not have any significant
effects on pH (p< 0.05) during fermentation (Table 1).

The results of viable LAB cell counts indicated that both LAB strains
could grow well in soymilk with camu–camu powder, however, L.
helveticus had better growth and stability (p < 0.05) when compared
to L. plantarum after 72 h of fermentation (Table 1). Between these two
LAB strains, L. helveticus is well known as protease producer and L.
plantarum as tannase producer. Therefore, soymilk protein potentially
contributed to the higher growth of L. helveticus. Addition of 0.5% and
1% of camu–camu powder did not result in differences in growth of L.
plantarum (p < 0.05). In contrast, L. helveticus growth was inhibited
with increasing concentration of camu-camu, especially when com-
pared to the control.

Furthermore soymilk combined with spray-dried camu–camu pow-
ders and with different concentrations of gum arabic (6%, 12% and
18%) was used as substrate for L. helveticus fermentation. In previous
studies, prebiotic properties have been observed in gum arabic and
therefore have potential to provide stable substrate for growth of LAB
and probiotic microorganisms [23]. Although, the addition of 0.5% of
camu–camu powders did not show any significant difference
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(p < 0.05), but higher preservation of L. helveticus was observed when
1% spray-dried camu–camu powder was added in comparison with
freeze-dried powder (p < 0.05).

3.2. Total soluble phenolic content

Total soluble phenolic content (TSP) of fermented camu–camu
soymilk combinations was determined using Folin-Ciocalteau method
at 0, 24, 48 and 72 h. Phenolic content increased when camu–camu
powder was added in soymilk (Fig. 1A and B). Overall, total phenolic
contents did not change and remained stable after 72 h of fermentation.
Both LAB strains had similar trends, and did not show any significant
differences (p < 0.05) at 0, 48, and 72 h. However, at 24 h a decrease
of 30% of TSP content was observed with both LAB strains. These re-
sults suggested a potential initial utilization and potential rearrange-
ment of phenolics to polymeric forms at 24 h, and then further release
of the soluble free phenolic compounds due to fermentation at 48 h.
Apostolidis et al. [24] found similar decrease in phenolic content when
cranberry was fermented. Similarly, McCue et al. [25] suggested that
phenolics and other polymeric forms like lignans were prone to poly-
merization and metabolic rearrangement due to high antioxidant ac-
tivity during early stages of fermentation. Besides that, production of
peroxidase, β-glucosidase and laccase were also observed after 24 h of
fermentation [26] that contribute to less soluble forms of phenolics.
Especially L. plantarum can produce tannase after 24 h of growth [27].

As previously observed, soluble phenolic contents of fermented
samples with spray-dried camu–camu powders were lower than freeze-
dried powders which were mainly due to the loss in the drying process,
especially due to microencapsulation with gum arabic ([9], Fig. 1C and
D). Adding 0.5% of spray-dried camu–camu powders (m/v) with gum
arabic (6%, 12% and 18%) did not result in any significant differences
in TSP content (p < 0.05) during the fermentation (Fig. 1C). On the
other hand, when 1% of spray-dried powder was added the TSP content
decreased, with exception in camu–camu powder with 18% gum arabic
after 72 h fermentation (Fig. 1D). Two probable mechanisms were
considered for the increased phenolic contents in camu–camu powder
with 18% gum arabic at later stages of fermentation. Gum arabic is
polysaccharide and the sugars linkages are D-galactose, L-arabinose, L-
rhamnose, D-glucuronic acid and 4-O-methyl glucuronic acid [23].
Probiotic LAB strains potentially released the sugars, which reacted
with the reagent Folin-Ciocalteau and overestimated the soluble phe-
nolic content. Another possibility is that gum arabic stimulated the LAB
to produce more enzymes responsible for depolymerization of phenolic
compounds with higher molecular weight and released more soluble
phenolics. Overall, the maintenance of higher level of soluble phenolic
content in camu–camu and soymilk combination during fermentation
has significant relevance for designing new functional ingredients and
probiotic beverages using LAB strains. Such strategy has diverse bene-
fits such as improving nutritional quality, enhancing shelf-life, and
improving food safety parameters.

3.3. Antioxidant activity by DPPH free radical scavenging assay

Total antioxidant activity of fermented camu–camu and soymilk
combination was determined using DPPH free radical scavenging assay
(Fig. 1A and B). Previous studies have found high antioxidant activity in
soy fermented products [28]. In this study soymilk without camu–camu
powders had lower antioxidant activity after 72 h of fermentation
(33.5% and 40.6% DPPH inhibition for L. plantarum and L. helveticus,
respectively) (Fig. 1A and B). In contrast, soymilk with camu–camu
powders (1%) had significantly higher antioxidant activity (around
90% DPPH-inhibition) even after 72 h fermentation (Fig. 1). Both
freeze-dried and spray-dried camu–camu powder with soymilk had
high antioxidant activity even after 72 h fermentation. The main-
tenance of high antioxidant activity during the fermentation is probably
due to the conversion of glycosides to aglycone forms by enzymesT
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produced through fermentation process. Besides this, synergism be-
tween phenolic compounds and other bioactive compounds may have
contributed to this result of high antioxidant activity. Therefore, com-
bination of soymilk with camu–camu powders improved the total an-
tioxidant activity and this was sustained over the fermentation period
of 72 h. This high antioxidant enrichment approach has significant re-
levance to target chronic oxidative stress associated with T2D and
chronic inflammation associated with other NCDs.

3.4. Anti-diabetic properties through α-amylase, α-glucosidase enzyme
inhibitory activity

Plant-based foods rich in phenolics have shown potential to inhibit
α-amylase and α-glucosidase enzymes, which are key targets for
pharmaceutical drugs to improve glucose metabolism [5,29]. Inhibiting
these enzymes slows down the breakdown of polysaccharide and starch
in the gut and subsequently reduces the rate of absorption of glucose in
the small intestine which in turn helps to control postprandial hy-
perglycemia linked to T2D. In this study, α-amylase and α-glucosidase
inhibitory activities of LAB fermented soymilk with and without freeze
and spray-dried camu–camu powder (0.5% and 1%, m/v) were eval-
uated after 0, 24, 48 and 72 h using model in vitro assays.

Previous results have shown very high α-glucosidase and moderate
α-amylase inhibitory activity in aqueous extract of camu–camu [7].
Therefore camu–camu with high anti-hyperglycemic properties is ideal
target to design functional food ingredients for countering early stages
of T2D [7]. The aim of this study was to improve and evaluate the
changes in the inhibitory activities of these key T2D targeted enzymes
during LAB fermentation, which could offer alternative use of camu–-
camu powder as probiotic beverages for human health relevant appli-
cations. Two LAB strains used in this study resulted in very different
trends for α-amylase inhibitory activity (Fig. 2). For L. plantarum
(Fig. 2A) the highest α-amylase enzyme inhibitory activity was ob-
served in soymilk with 1% of camu–camu powder after 24 and 48 h of

fermentation. On the contrary, for L. helveticus the highest α-amylase
enzyme inhibitory activity was found after 72 h of fermentation in
soymilk with 1% of camu–camu powder (Fig. 2B).

In this study, fermented sample of freeze-dried camu–camu powder
combined with soymilk had higher α-amylase enzyme inhibitory ac-
tivity when compared with fermented sample of spray dried camu–-
camu powder combined in soymilk. When 0.5% of camu–camu powder
was added in soymilk and then fermented with LAB, 2 times greater α-
amylase enzyme inhibitory activity was observed in freeze-dried
powder after 48 h and 4 times greater after 72 h of fermentation when
compared to the control (Fig. 2C). Further, addition of 1% of camu–-
camu powder also enhanced α-amylase enzyme inhibitory activity and
highest inhibitory activity was observed in freeze-dried camu soymilk
combination (Fig. 2D, p < 0.05). The higher α-amylase enzyme in-
hibitory activity in freeze-dried camu–camu powder was also positively
correlated with higher TSP content of freeze-dried camu-camu.

In previous study, aqueous extracts of camu–camu powders had
very high α-glucosidase inhibitory activity [7]. The addition of higher
concentrations of camu–camu powders in soymilk significantly en-
hanced α-glucosidase inhibitory activity even after 72 h of fermentation
with LAB (Fig. 3C and D). Overall, the α-glucosidase inhibitory activity
remained very high during the entire period of fermentation (at 24, 48,
and 72 h).

No significant differences in α-glucosidase inhibitory activity were
observed between types of camu–camu powders used in this study
(p< 0.05). Addition of 0.5% and 1% of camu–camu powder in soymilk
significantly increased α-glucosidase inhibitory activity after 48 and
72 h LAB fermentation. Alpha-glucosidase inhibitory activity increased
2 times with addition of 0.5% freeze dried camu powder in soymilk
after 48 h of LAB fermentation when compared to the control (fer-
mented soymilk without camu-camu) (Fig. 3C). When 1% of freeze-
dried powder was added the α-glucosidase inhibitory activity increased
2 times compared to control at 24 h after fermentation and reached the
highest α-glucosidase inhibitory activity (around 90%) after 48 h of

Fig. 1. Total phenolics contents (μg GAE/mL of sample) and DPPH inhibition (%) of freeze-dried camu–camu powder in soymilk (0.5% and 1.0%) during fermentation by Lactobacillus
plantarum (A) Lactobacillus helveticus (B) at 0, 24, 48 and 72 h. Total phenolic content and DPPH inhibition (%) of freeze-dried (FD) and spray-dried camu–camu powders (0.5%) (C) and
(1.0%) (D) with 6%, 12% and 18% of gum arabic after fermentation with Lactobacillus helveticus.
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fermentation (Fig. 3D).
Phenolic compounds of plant-based foods including fruits have been

reported as major contributors for inhibition of these anti-hypergly-
cemia-linked enzymes in previous studies [30,31]. Major phenolic
compounds detected in camu–camu were ellagic acid, ellagitannins,
anthocyanins and quercetin [32,7]. Degradation and/or mobilization of
these specific phenolic compounds from camu–camu after LAB fer-
mentation potentially contributed to the variations in α-amylase and α-
glucosidase inhibitory activities. For example, tannins are effective
against α-amylase enzyme inhibitory activity in a previous study [33].
Therefore, production of tannase by LAB fermentation potentially yield
tannins and may have contributed to moderate α-amylase inhibitory
activity of camu–camu and soymilk combination. On the other hand,
anthocyanins, ellagic acid, and quercetin exhibited significant α-glu-
cosidase inhibitory activity in previous study [34]. Increased con-
centration of aglycones by β-glucosidase activity of LAB may have re-
sulted in higher α-glucosidase inhibitory activity of LAB fermented
camu–camu and soymilk combination. Overall the results of this study
shows significant potential for using safe LAB-based fermentation
strategy to develop anti-hyperglycemia relevant probiotic beverage
from camu–camu and soymilk combination.

3.5. Anti-hypertensive properties through angiotensin-I-converting enzyme
(ACE) inhibitory activity

Hypertension is a common risk factor associated with T2D.
Inhibition of ACE is an important target for pharmaceutical drugs to
control hypertension [31]. Phenolics from plant based food have shown
ACE inhibitory activity and have potential to prevent risk for devel-
oping high blood pressure commonly associated with T2D [35]. Quer-
cetin and cyanidin-3-O-glucoside have shown significant ACE enzyme

inhibitory activity in previous studies [36]. Although, ellagic acid did
not show any ACE enzyme inhibitory activity [15], isoflavones, espe-
cially genistein, have been reported to have anti-hypertensive proper-
ties in in vivo models [37].

In this study, high ACE enzyme inhibitory activity was observed
(around 90%) for all LAB soymilk fermented sample (Table 2), even
without addition of camu–camu powders. Therefore, isoflavones and
peptides of soymilk substrate could have contributed to the high ACE
enzyme inhibitory activity in LAB fermented soymilk with and without
addition of camu-camu. Both LAB strains had similar trend, as fer-
mentation progressed over time ACE enzyme inhibitory activity in-
creased after 72 h when 0.5% and 1% of camu–camu powders were
added. However, there were no significant differences (p < 0.05)
when 0.5% of different types of camu–camu powders were added.
When 1% of powders were added, spray-dried powders (with 6% and
12% of gum arabic) had slightly higher ACE enzyme inhibitory activity
than control. Since camu–camu powder did not exhibit ACE inhibition
[7], those results suggested synergism of compounds present in ca-
mu–camu and soymilk combination. But irrespective of the specific
roles of phenolic compounds to induce ACE enzyme inhibitory activity,
the results of this study have shown significant promises to target LAB
fermented camu–camu and soymilk combinations for targeting hy-
pertension, commonly associated with T2D.

4. Conclusions

LAB mediated fermentation strategy was strategically used to im-
prove human health relevant bioactive profiles and associated anti-
hyperglycemic and anti-hypertensive properties in camu–camu and
soymilk combinations integrating the benefits of both plant sources.
Lactic acid bacteria fermentation of camu–camu (especially freeze dried

Fig. 2. α-Amylase inhibitory activity of freeze-dried camu–camu powder in soymilk (0.5% and 1.0%) during fermentation by Lactobacillus plantarum (A) Lactobacillus helveticus (B) at 0,
24, 48 and 72 h α −amylase inhibitory activity of freeze-dried (FD) and spray-dried camu–camu powders(0.5%) (C) and (1.0%) (D) with 6%, 12% and 18% of gum arabic after
fermentation with Lactobacillus helveticus.
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form) in soymilk resulted in high α-amylase and α-glucosidase in-
hibitory activity in vitro, which has significant relevance to target hy-
perglycemia-linked oxidative stresses. Furthermore LAB fermentation
of camu–camu and soymilk combination with L. plantarum and L. hel-
veticus did not change the soluble phenolic content even after 72 h. The
presence of soymilk also resulted in high ACE enzyme inhibitory

activity and it even improved with L. plantarum fermentation and thus
camu–camu and soymilk combinations could be an ideal design to de-
velop functional probiotic beverage for targeting hypertension, which is
a common risk factor associated with T2D. This in vitro study provides
significant insights and scientific rationale for designing probiotic
beverages from phenolic bioactive enriched camu–camu using LAB

Fig. 3. α−Glucosidase inhibitory activity of freeze-dried camu–camu powder in soymilk (0.5% and 1.0%) during fermentation by Lactobacillus plantarum (A) Lactobacillus helveticus (B) at
0, 24, 48 and 72 h α −glucosidase inhibitory activity of freeze-dried (FD) and spray-dried camu–camu powders(0.5%) (C) and (1.0%) (D) with 6%, 12% and 18% of gum arabic after
fermentation with Lactobacillus helveticus.

Table 2

Angiotensin I-converting enzyme (ACE) inhibitory activity of fermented camu–camu mixed in soymilk by Lactobacillus plantarum and Lactobacillus helveticus at 0, 24, 48, and 72 h.

Test Microorg. Conc. of powder Powder % ACE inhibition

Time (h)

0 h 24 h 48 h 72 h

1 L. plantarum 0% w/o powder 90.1 ± 0.6b 86.5 ± 0.3d 86.5 ± 0.6d 87.3 ± 0.7cd

0.5% Freeze-dried 88.9 ± 0.3bc 89.2 ± 1.7bc 90.6 ± 1.3b 94.5 ± 0.2a

1% Freeze-dried 89.8 ± 0.9b 92.8 ± 0.3a 94.5 ± 0.1a 94.0 ± 1.0a

2 L. helveticus 0% w/o powder 89.5 ± 1.3cd 90.2 ± 0.1c 90.2 ± 0.2c 89.4 ± 0.2cd

0.5% Freeze-dried 88.9 ± 1.2d 92.8 ± 0.2b 90.4 ± 0.4c 94.3 ± 0.1a

1% Freeze-dried 93.5 ± 1.2ab 90.5 ± 0.9c 93.8 ± 1.5ab 93.7 ± 0.5ab

3 L. helveticus 0% w/o powder 79.0 ± 0.8ab 69.3 ± 0.9cde 73.1 ± 0.7abcde 67.2 ± 3.4de

0.5% Freeze-dried 79.8 ± 2.3a 77.0 ± 0.3abcd 78.2 ± 1.0abc 74.0 ± 0.5abcde

0.5% 6% GA 66.0 ± 8.1e 78.0 ± 0.6abc 75.6 ± 0.6abcde 68.5 ± 1.3cde

0.5% 12% GA 78.9 ± 1.4ab 76.4 ± 1.3abcd 72.8 ± 0.5abcde 68.5 ± 0.5cde

0.5% 18% GA 79.4 ± 0.7ab 74.9 ± 0.4abcde 69.7 ± 2.2bcde 68.8 ± 0.5cde

4 L. helveticus 0% w/o powder 87.8 ± 0.5h 93.0 ± 0.2c 91.9 ± 0.2e 89.8 ± 0.2g

1% Freeze-dried 91.9 ± 1.4e 93.7 ± 1.2ab 94.2 ± 0.5a 92.1 ± 0.4de

1% 6% GA 93.2 ± 0.2bc 92.9 ± 0.2bc 90.7 ± 0.1f 94.1 ± 0.3a

1% 12% GA 92.7 ± 0.1cd 93.9 ± 0.1bc 90.8 ± 0.4f 94.2 ± 0.3a

1% 18% GA 92.8 ± 0.4cd 93.1 ± 0.2bc 91.7 ± 0.3e 92.3 ± 0.1de

Values are expressed as means ± SD. a–hDifferent superscript letters in a test denote significant differences for ACE inhibition activity (p < 0.05).
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fermentation in a soymilk substrate, which can then be targeted for
dietary management of early stages T2D and associated hypertension
risk.
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