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Abstract

The study aimed to evaluate how different production methods and fermentation processes
using two different lactic acid bacteria (LAB) affect the chemical composition and bioactive
properties of pistachio beverages. The beverages were prepared with two varieties of
pistachios, one from Argentina and the other from Italy. The pistachios were processed
with two technologies: a domestic processor and a colloidal mill. For the fermentation,
pistachio beverages were inoculated with two different LAB strains and incubated at 28 °C
for 24 h. The beverages were analyzed for proximal composition (including protein, fat,
fiber, and minerals) and bioactive properties such as antioxidant activity, angiotensin-
converting enzyme inhibition (ACE-I), and dipeptidyl peptidase-4 inhibition (DPP-4). The
colloidal milling allowed the inclusion of the whole pistachio nut, resulting in beverages
with higher solid content and no waste. Beverages treated with colloidal milling exhibited
higher acidity, improved microbial fermentation performance, and generally showed
higher bioactivity compared to those obtained by the domestic processor. Bioactivity varied
according to the pistachio variety, the processing method and LAB strains used. Lactic
acid bacteria fermentation decreased antioxidant properties of the beverages by ~40% but
improved anti-hypertensive and hypoglycaemic activities. Fermented pistachio-based
beverages showed promising health-promoting properties, indicating their potential as
functional foods.

Keywords: lactic acid bacteria; plant-based beverages; processing technology; fermentation;
health properties

1. Introduction

Pistachios (Pistacia vera L.) are nuts widely consumed worldwide, particularly in the
European Mediterranean region, as well as in Iran, Turkey, Syria, and the United States [1].
They are renowned for their nutritional aspects, making them a valuable addition to a
healthy diet. Pistachios are a good source of proteins, dietary fiber, fat (particularly oleic and
linoleic fatty acids), minerals like potassium (K), phosphorous (P), magnesium (Mg), and
calcium (Ca), and vitamins including B6, E, and K, as well as other bioactive compounds
such as carotenoids, phenolic acids, flavonoids, and anthocyanins [2].
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Pistachio nuts are widely appreciated for their sensory properties and are included as
an ingredient in numerous food formulations, such as ice-creams, pesto, sauces, salads, and
desserts, or as salted snacks [3]. However, with the growing number of vegetarian, vegan,
and flexitarian consumers, there has been a surge in the demand for dairy alternatives
to meet different dietary preferences and health concerns [4,5]. Rich in protein, healthy
fats, vitamins, and minerals, pistachio-based beverages offer a unique combination of
taste, nutrition, and health benefits, making them an attractive alternative to traditional
dairy products. Moreover, since they do not contain lactose, they are suitable for people
with lactose intolerance. Pistachio nuts contain bioactive phenolic compounds that have
antioxidant [6] and anti-inflammatory properties [7], which can help to protect against
oxidative stress and inflammatory processes. Other beneficial effects on blood pressure,
endothelial function, and markers of glucose and insulin metabolism have also been
described [3]. As reported by different authors, the fermentation of plant-based matrices
with selected microbial strains has proven to be a powerful tool for improving the flavor,
texture, and nutritional value, offering a sustainable and nutritious beverage option [8,9].
Recently, some authors [10] have reported that pistachio resulted in an optimal matrix
for the growth of lactic acid bacteria, opening up the possibility of the production of new
plant-based fermented beverages. However, as pointed out by Di Renzo & Reale [11], in
order to improve food quality, the optimization of production and fermentation processes
plays a crucial role, which usually requires a holistic approach involving several key factors,
such as the selection of raw materials and microbial strains, the control of fermentation
conditions, and technological innovations. Each of these factors plays an important role in
achieving the consistency, flavor, texture, and health benefits in fermented food products.

Despite the growing demand for plant-based beverages as dairy alternatives, pistachio-
based drinks remain underexplored both in the scientific literature and in commercial
markets. Most studies and products to date have focused on soy, almond, and oat beverages,
while pistachio beverages are still niche, with limited data available on their nutritional,
functional, and technological properties. Additionally, although pistachios are known
for their high antioxidant activity, unsaturated fatty acids, and potential cardioprotective
effects, little is known about how these health benefits are retained or enhanced in fermented
beverage form. This creates a notable research gap: the lack of systematic studies on how
processing and fermentation impact the market potential (e.g., stability, acceptability, and
scalability) and health-promoting properties of pistachio-based beverages. The present
study aims to address this gap by evaluating how different processing approaches such as
the origin of raw materials, production methods (domestic processor or colloidal milling),
and fermentation by microbial strains affect the physicochemical, microbiological, and
functional features of beverages made from Italian and Argentinian pistachios.

2. Materials and Methods
2.1. Raw Materials

Pistachio (Pistacia vera L.) used for the experiments consisted of shelled, unsalted, and
unroasted nuts from Argentina and Italy. In detail, Argentinean pistachio nuts (A) (Iranian
varieties) were cultivated in San Juan, Argentina, harvested in 2019, and kindly donated
by Pistacho de los Andes (San Juan, Argentina). Italian pistachios (I) (Pistacia vera L.) were
harvested in 2019 and purchased from the Aroma Sicilia farm (Bronte, Sicily, Southern Italy).

2.2. Microbial Strains

Two lactic acid bacteria strains, Leuconostoc pseudomesenteroides PD4 and Companilac-
tobacillus alimentarius PG3, belonging to the microbial culture collection of the Institute of
Food Sciences—National Research Council (ISA-CNR, Avellino, Italy) were used in this
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study. The strains were maintained as frozen stocks in 25% (v/v) glycerol and routinely
propagated in De Man, Rogosa, and Sharpe (MRS) medium (Oxoid, Milan, Italy), pH 6.8,
for 24 h at 30 °C.

2.3. Pistachio Beverage Preparation

The pistachio-based beverages were obtained in two different ways. In the first
procedure, a domestic food mixer (Thermomix TM31, Wuppertal, Germany) was used and
the beverages were obtained as described by Di Renzo et al. [10]. Briefly, 500 g of pistachios
were washed and then soaked for 5 h at 25 °C. The nuts were then drained and mixed with
hot water (80 °C) at a ratio of 1:5 (pistachios-water) and then ground using the domestic
mixer. The samples were then filtered through a double fine mesh strainer to remove solid
particles (waste), heat-treated at 70 °C for 30 min and cooled at 4 °C prior to inoculation
with lactic acid bacteria. Samples obtained using the domestic food mixer were named as
AD or ID for the Argentinean or Italian pistachio beverages, respectively.

For the second procedure, a colloidal mill (Homomaster 120, S.A.R. Galliate Lombardo,
Varese, Italy) was used to obtain the beverage. Briefly, 1 kg of pistachios at a ratio of 1:5
(pistachios-water) was ground in the mill with recirculation for about 5 min. The beverage
was then heat-treated at 70 °C for 30 min and cooled to 4 °C until the lactic acid bacteria
were inoculated. Samples obtained using colloidal mill were named AC or IC for the
Argentinean and Italian pistachio beverages, respectively.

2.4. Inoculum of Pistachio-Based Beverages

The beverages obtained were inoculated with two different strains of lactic acid
bacteria, L. pseudomesenteroides PD4 (S1) and C. alimentarius PG3 (S2). The inoculum was
prepared by subculturing each LAB strain in MRS broth and incubating at 28 °C for 16 h.
This was followed by centrifugation at 4000 rpm for 10 min, washing the pellet with
sterile 0.9 g/100 mL NaCl saline, and finally resuspending in the beverage at the desired
concentration. Each strain of LAB was used at a final concentration of approximately
6 log cfu/mL beverage. The beverages were fermented at 28 °C for 24 h and then stored at
4 °C. An uninoculated beverage was used as control.

Eight different pistachio beverages were obtained and labeled as follows: AD-S1,
AD-5S2, AC-51, and AC-S2 for Argentinean pistachio beverages obtained by domestic (D) or
colloidal mill (C) and fermented with L. pseudonesenteroides PD4 (S1) or C. alimentarius PG3
(52) strains; and ID-5S1, ID-52, IC-51, and IC-S2 for Italian pistachio beverages obtained by
domestic or colloidal mill and fermented with L. pseudonesenteroides PD4 (S1) or C. alimenta-
rius PG3 (52) strains. The fermented beverages were then lyophilized and stored at —20 °C
for further analysis.

2.4.1. Microbiological Analysis of the Beverage

Lactic acid bacteria counts in the beverage were verified by viable counts on De
Man, Rogosa, and Sharpe (MRS) agar (Oxoid, Milan, Italy) supplemented with 0.1 g/L
cycloheximide (SIGMA Aldrich, Taufkirchen, Germany) at 28 °C for 72 h under anaerobic
conditions (Gas Pack AnaeroGenTM, OXOID Ltd., Basingstoke, UK). Counts were taken at
the time of inoculation and after 24 h of fermentation. In detail, 10 g of each beverage was
aseptically transferred to a sterile stomacher bag and diluted with 90 mL of physiological
solution (9 g/L NaCl). After shaking for 1 min in a stomacher apparatus (BAG MIXER
400, Interscience, France), the samples were serially diluted and plated in the appropriate
medium. The results of the viable counts were expressed as log colony-forming units per
gram of beverage (log cfu/g).
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2.4.2. Beverage Acidity

The pH of the fermented beverages was measured after 24 h of fermentation at 30 °C
using a Medidor PH Basic 20 pHmeter (CRISON, Alella, Spain).

2.4.3. Proximate Composition

Protein, lipid, and ash contents were determined according to the Association of
Official Analytical Chemists methods [12]. Total dietary fiber was assessed using the
Megazyme® commercial kit. The results were expressed as g/100 g dry matter (d.b.).

2.4.4. Enzymatic Assays

Acetic acid, lactic acid, sucrose, fructose, glucose, and ethanol concentrations in the
pistachio beverages were determined using the RIDA® CUBE enzymatic assay kits (R-
Biopharm, Darmstadt, Germany) according to the manufacturer’s instructions (R-Biopharm,
Darmstadt, Germany). Specifically, kits RCS4226 for acetic acid, RC54240 for D/L-Lactic
acid, RCS4140 for D-Glucose, RCS4160 for D-Glucose/D-Fructose, RCS4180 Sucrose/D-
Glucose, and RC54340 for ethanol were utilized. The samples were analyzed in triplicate at
time zero and after 24 h fermentation.

2.4.5. Phenolic Acid Analysis

Phenolic compounds of the aqueous extracts of the pistachio beverages were deter-
mined by RP-HPLC. Briefly, a Shimadzu series SCL-40 equipment, with a Shimadzu SPD-
M40 diode array detector, Shimadzu LC-40B XR pump, Shimadzu SIL-40C XR autosampler,
and Shimadzu CTO-40S column oven, was used on a Poroshell 120 EC-C18 3 x 100 mm,
2.7 um column (Agilent Technologies, Santa Clara, CA, USA). The mobile phase was deliv-
ered at 0.4 mL/min, with a gradient mixture of water containing 0.1 mL/100 mL formic
acid (eluent A) and acetonitrile (eluent B) as follows: 0-2 min, 5-6% B; 2—4 min, 6-7% B;
4-7 min, 7% B; 7-9 min, 7-9% B; 9-12 min, 9% B; 12-16 min, 9-12% B; 16-17 min, 12-14%
B; 17-18 min, 14-16% B, 18-22 min, 16-18% B; 22-28 min, 18-25% B; 28-30 min, 25-28%
B; 30-38 min, 28-30% B; 38—40 min, 30-100% B; 40-45 min, 100% B; 45-47 min, 100-5% B;
47-52 min, 5% B. The column oven was set at 35 °C. The analyzed phenolic compounds
were detected at their maximum absorbance. Peak identification was performed by compar-
ing the retention times and spectral characteristics with those of the external standards. The
compounds analyzed were gallic acid, 4-hydroxybenzoyl alcohol, 3,4 dihydroxybenzoic
acid (protocatechuic acid), 4-hydroxybenzoic acid, 2,5-dihydroxybenzoic acid, catechin,
chlorogenic and vanillic acid, 3-hydroxybenzoic acid, caffeic acid, syringic acid, epicatechin,
p-coumaric acid, 3-(3-hydroxyphenyl) propanoic acid, ferulic acid, sinapic acid, ellagic acid,
rutin hydrated, myricetin, 3-phenyl propionic acid, daidzein, quercetin, genistein, apigenin,
and kaempferol. Data were processed using Shimadzu LC solution software.

2.4.6. Color Determination

The color of the freeze-dried beverages was assessed using a Minolta CM-508d spec-
trophotometer (Osaka, Japan), based on the color space defined by the CIE (Commission
International de I'Eclairage) standard, as follows: chromatic plane of coordinate a* (positive
values correspond to red and negative to green tones) and coordinate b* (positive values
correspond to yellow and negative to blue tones), and the L* axis (luminosity) being per-
pendicular to them. The measurement conditions were Illuminant D65, observation angle
10°, and occluded specular component. Values were expressed as the mean of three mea-
surements. The color was measured on the surface of the standard plate (color parameters
L* =934, a* = —1.8, b* = 4.4), and the total color difference (AE*) was calculated as follows:
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AE* = |:(L*sample - L*standard)

2 2 2705
+ (a*sample - a*standard) + (b*sample - b*standard)

The browning index (BI) was also calculated according to the next equation:
BI =[100 (x — 0.31)]/0.172,

where x = (a* + 1.75L*)/(5.645L* + a* — 0.3012b*).

2.4.7. Determination of Bioactive Properties

Lyophilized samples were dispersed in water at a concentration of 10 g of sample per
100 mL. The dispersions were mixed in a vortex for 15 min, sonicated for 30 min, shaken
again for 15 min, and centrifuged at 10,000 x g for 15 min. Proper dilutions were performed
for each assay.

The antioxidant activity (AOA) was assessed by measuring the ferric reducing antioxi-
dant power (FRAP), according to Benzie and Strain [13], and expressed as umol Trolox/g
sample d.b. Additionally, inhibition of 2,2’-azinobis (3-ethylbenzothiazoline-6-sulfonic
acid) (ABTSe+) was measured according to Cian et al. [14]. The absorbance was mea-
sured at 734 nm after 6 min of initial mixing, using a spectrophotometric plate reader
(Asys UVM340). Results were expressed as Trolox equivalent scavenging (nmol Trolox/g
sample d.b.).

Anti-diabetogenic activity (ADA) was evaluated by measuring the inhibition of dipep-
tidyl peptidase IV (DPP-1V) activity, according to Wang et al. [15]. Results were expressed
as inhibition percentage of DPP-IV (%).

Angiotensin-converting enzyme-I (ACE-I) inhibition was measured according to
Hayakari et al. [16], and was used to estimate the antihypertensive activity (AHA). Results
were expressed as ACE-I inhibition (%).

2.5. Statistical Analysis

Each experiment was performed in triplicate. All results were expressed as the
mean = standard deviation (SD). Statgraphics Centurion XV 15.2.06 software was used to
analyze the data by analysis of variance (one-way ANOVA). Differences between samples
were analyzed by Duncan’s multiple range tests, and Pearson’s correlation was utilized to
determine significant correlations between the compounds analyzed (p < 0.05).

3. Results and Discussion
3.1. Nutritional Composition of Pistachio Nuts

The fermented pistachio-based beverages were produced using Italian and Argen-
tinean pistachios with the nutritional composition showed in Table 1. Italian pistachios
had a moisture content of 4.1 £ 0.2 g/100 g, while Argentinean pistachios had a moisture
content of 5.2 + 0.0 g/100 g. The Italian pistachios had higher lipid and total dietary fiber
contents and lower protein content compared to the Argentinean cultivar. The Italian
and Argentinean pistachios had the same ash content. These differences in nutritional
composition are likely influenced by environmental factors such as climate, soil type, and
cultivation practices in the respective countries. Our results align with those of previous
studies [17] showing significant variations in the composition of pistachios from different
countries, including Iran, the United States, Turkey, Syria, Kyrgyzstan and Italy, high-
lighting that geographical origin substantially influences pistachio composition. Multiple
and complex environmental factors influence the composition of pistachios such as the
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genetic variability (cultivar differences), climate conditions (temperature, rainfall, and
sunlight), soil characteristics (soil pH, mineral composition, and salinity), and agronomic
practices (irrigation, fertilization, harvest timing, and post-harvest handling), as also stated
by different authors [18-21].

Table 1. Composition of Italian and Argentinean pistachio nuts.

Italian Pistachio Argentinean Pistachio

(g/100 g d.b) (g/100 g d.b)

Proteins 2574012 27.1+£02°P
Lipids 485+ 1.7°b 454 +182

Total Dietary Fiber 1534+ 1.0° 10.7 £0.82
Ash 314012 294012

d.b.: dry basis. Different letters in a row mean significant differences between samples (p < 0.05).

3.2. Microbiological Characterization of Fermented Pistachio Beverages

Table 2 shows the LAB counts (log cfu/g) and the pH values of Italian (I) and Argen-
tinean (A) pistachio beverages made with domestic processor (D) or colloidal mill (C) and
fermented for 24 h with L. pseudomesenteroides PD4 (S1) or C. alimentarius PG3 (S2) strains.
As expected, the uninoculated samples (ID, IC, AD, and AC) had lactic acid bacteria counts
below 1 log cfu/g. All the beverages were inoculated with the same LAB concentration
comprised between 6.16 £ 0.42 and 6.3 &= 0.01 log cfu/g. After 24 h fermentation at 28 °C,
the lactic acid bacteria counts increased in all the beverages, reaching values between
8.36 £ 0.06 and 9.21 £ 0.23 log cfu/g, confirming that pistachios, like other plant matrices,
are an effective substrate for the growth of this microbial group [9,22].

Table 2. Lactic acid bacteria load (log cfu/g) and pH values of Italian (I) and Argentinean (A)
pistachio beverages made with domestic processor (D) or colloidal mill (C) and fermented with
L. pseudomesenteroides PD4 (S1) or C. alimentarius PG3 (S2) strains.

Lactic Acid Bacteria

Sample (log cfulg) pH Values
T=0 T=24h T=0 T=24h

ID <1 <1 6.67 £ 0.06 6.75 £+ 0.06
ID-S1 6.46 £ 0.32 9.21 £0.23 6.67 £ 0.06 4.48 £ 0.05
ID-S2 6.36 + 0.46 8.9 +£0.53 6.67 £+ 0.06 4.49 +0.05
IC <1 <1 6.46 £+ 0.09 6.33 £ 0.09
IC-51 6.91 £ 0.38 8.79 £ 0.37 6.46 £ 0.09 4.48 £+ 0.05
IC-S52 6.93 +0.37 8.69 £ 0.51 6.46 £ 0.09 443 +0.10
AD <1 <1 6.74 £+ 0.04 6.80 £+ 0.04
AD-S1 6.3 +£0.29 9.0£0.18 6.74 £ 0.04 420+0.18
AD-S2 6.16 £ 0.62 8.43 £ 0.42 6.74 £ 0.04 4.59 £+ 0.05
AC <1 <1 6.45 £ 0.07 6.55 £+ 0.07
AC-51 6.82 £0.18 8.88 £ 0.44 6.45 £ 0.07 4.19 £0.10
AC-52 6.64 £ 0.21 8.36 £ 0.6 6.45 + 0.07 4.39 +£0.10

The pH values at time zero ranged from 6.45 3= 0.07 (sample AC) to 6.74 £ 0.04 (sample
AD), which is consistent with the findings of Erem & Kilic-Akyilmaz [23], who observed
that the pH of plant materials used in the preparation of plant-based dairy analogs is
generally within the range of 6-7. As reported by other authors, the fermentation of plant-
based beverages, which usually lasts 12 to 24 h, generally ends when the pH level reaches
approximately 4.2-4.5 [9]. In our study, a high level of acidification was achieved after 24 h
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of fermentation with both strains of lactic acid bacteria (S1 and S2), with pH values between
4.19 £+ 0.10 (A-S1) and 4.59 + 0.05 (A-S2), ensuring acidification necessary for preservation
and safety. No significant differences were found between the different samples.

3.3. Nutritional Composition of Fermented Pistachio Beverages

Table 3 shows the chemical composition of the beverages. The solid content of bever-
ages produced by domestic processing was around 9 g/100 mL, while that of beverages
produced by colloidal milling was around 18 g/100 mL, regardless of whether the pistachios
were Argentinean or Italian.

Table 3. Chemical composition of Italian (I) and Argentinean (A) pistachios beverages made with
domestic processor (D) or colloidal mill (C) and fermented for 24 h with L. pseudomesenteroides PD4

(S1) or C. alimentarius PG3 (S2) strains.

Ash Lipids Protein TDF
(g/100gd.b) (g/100gd.b) (g/100gd.b)  (g/100 g d.b)
D 0.26+ 0.022 4.23+0.02° 2.45+0.02 ¢ 1.0940.05 P
Domestic  ID-S1 0.26+ 0.022 438+0.14b 2.20-+0.05P 0.92+0.01b
ID-S2 0.26+ 0.012 4.25+0.03P 2.03+0.03 2 0.514+0.03 2
IC 048 +0.04b 820+0.07¢ 54240061 243+0.049
Colloidal ~ IC-S1 0534+001° 740+041¢ 446+0048 2634+ 023de
IC-S2 049 +0.04> 888+0.07¢ 419+006f 283+0.09¢
AD 02940002 431+0.01% 242+0.019 058+0.122
Domestic AD-S1 026+ 0012 377+0012 2324+0.06¢ 063+0.072
AD-S2  025+0.012 3.80+0082 2344002 0.41+0.062
AC 049 +0.04P 818+0.05¢ 52940037 211+025¢
Colloidal ~ AC-S1 0.53 +0.06° 881 +003¢ 524+0.02! 2.01+0.04¢
AC-S2 048 +0.04® 882+005°¢ 498+0.04h 193+0.14°€

Different letters in the same column indicate significant differences between values (LSD test. p < 0.05). TDF: total
dietary fiber.

The domestic processing of pistachios produced waste representing around 12.1%
of solids for both cultivars. The composition of the waste (d.b.) for Argentinean and
Italian pistachios, respectively, was as follows: 35.0 = 0.0 and 35.7 £ 0.0 g/100 g of lipids,
247 £ 0.1 and 22.3 £ 0.2 g/100 g of proteins, and 21.7 £ 0.3 and 24.3 £ 0.2 g/100 g of total
dietary fiber. However, the colloidal milling did not produce any waste since the finely
milled particles remained dispersed in the beverage.

The main components of the beverages were lipids, followed by proteins. Since
some lipids, proteins, and fiber were lost in the waste, the beverages made using domestic
processor had about 2 times less lipids and proteins and 3 times less fiber than the beverages
made with colloidal mill.

On the other hand, comparing the control samples obtained by colloidal mill, the
Argentinean beverages had approximately the same lipid and ash content, a lower content
of fiber, and a higher content of proteins than the Italian ones, in agreement with the content
of nuts. However, in the case of domestic processing, the content of proteins, ash, and
lipids was the same for both cultivars, but the AD samples showed lower TDF content than
the ID samples.

After fermentation, a distinct behavior between cultivars and treatments was observed.
A decrease in fiber and protein content was detected for the Italian domestic beverage,
which was more pronounced for 52, while the lipid content did not change. In the case of
the Argentinean cultivar, only the lipid content decreased with fermentation. On the other
hand, for beverages produced with colloidal mill and for both cultivars, the fermentation
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with 52 decreased protein and lipid content, while TDF and ash were not affected. The
higher lipid content of fermented beverages could be related to the fat release from the
matrix, which led to a better solvent extraction.

As expected, lactic acid bacteria fermentation produced organic acids and ethanol,
while the sugars were consumed (Table 4). The main acid produced by fermentation was
lactic acid, whose values ranged from 2.7-3.3 g/L to 5.5-6.1 g/L for domestic and colloidal
mill, respectively. Acetic acid changed from 0.07-0.14 to 0.2-1.9 g/L by fermentation and
ethanol from 0.03-0.19 g/L to 0.54-1.9 g/L, and 0.08-0.62 for S1 and S2, respectively.

Table 4. Organic acids, ethanol, disaccharide, and monosaccharide contents (g/L) from Italian (I)
and Argentinean (A) pistachio beverages made with domestic processor (D) or colloidal mill (C) and
fermented for 24 h with L. pseudomesenteroides PD4 (S1) or C. alimentarius PG3 (S2) strains.

Samples if;t:ic ]::flt‘lic Sucrose Fructose = Glucose Et(I;EI)Ol
ID 0.07 n.d 411 0.01 n.d 0.19
ID-S1 0.50 2.92 0.01 n.d n.d 1.03
ID-S2 0.20 2.69 1.29 n.d n.d 0.08
IC 0.14 nd 4.76 0.95 2.83 0.03
IC-S1 1.58 6.07 nd n.d n.d 1.88
IC-S2 1.67 5.75 0.01 n.d n.d 0.62
AD 0.10 0.02 6.82 0.11 0.02 0.17
AD-S1 1.03 3.26 n.d n.d n.d 0.86
AD-S2 0.32 2.72 3.70 n.d n.d 0.27
AC 0.16 nd 12.64 0.67 1.44 0.03
AC-51 1.88 6.07 n.d n.d n.d 1.81
AC-52 1.84 5.54 0.07 n.d n.d 0.60

n.d.: not detected; variation coefficient: <10%.

A higher content of acids and ethanol was found in the beverages obtained with
colloidal processing for both pistachio cultivars. However, the ethanol levels remain below
the threshold typically considered significant in non-alcoholic beverages and do not pose
concerns from either a technological or regulatory perspective. According to the Food
and Drug Administration (FDA), beverages containing less than 0.5% ethanol by volume
are classified as “non-alcoholic,” while those with 0.5% or higher require appropriate
labeling [24,25]. Glucose and fructose were completely consumed during fermentation, but
the final sucrose content varied depending on the LAB strain and the method used for the
preparation of beverages.

3.4. Polyphenolic Profile of Fermented Pistachio Beverages

The analysis of phenolic profile is another important issue that complements the
nutritional properties. Table 5 shows water-soluble polyphenols present in the different
beverages, with gallic acid being the predominant phenolic acid identified. Syringic and
ferulic acids were also detected, but at lower concentrations. Regarding flavonoids, only cat-
echin, epicatechin, rutin and myricetin were detected, with catechin and epicatechin present
in higher amounts. Other studies identified flavanols, flavonols, flavanones, isoflavones,
and anthocyanins as the main flavonoids in pistachio nuts, with concentrations ranging
from 16 to 70 mg/100 g, depending on the variety. The amount of polyphenols can vary
significantly depending on the genotype, pre- and post-harvest, and storage conditions.
Ballistreri et al. [26] have reported that the anthocyanin content increased with ripening,
but sun-drying led to a substantial loss, and flavonoids and tocopherols decreased during
both ripening and drying. Fabani et al. [27] studied the chemical profile and antioxidant ac-
tivities of three cultivars of Pistacia vera cv Kerman from Argentina. The main polyphenols,
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separated by HPLC and identified by electrospray ionization (ESI) coupled to quadrupole
time-of-flight mass spectrometry (LC-ESI-QTOF-MS), were gallic acid and (+)-catechin.
The presence of myricetin, isoquercitin, and a dimer of procyanidin, was also found. More-
over, these authors found no significant differences in the total polyphenol content between
cultivars of different ages.

Table 5. Phenolic compounds (ug/g b.s.) detected in aqueous extracts for Italian (I) and Argentinean
(A) pistachio beverages made with domestic processor (D) or colloidal mill (C) and fermented for
24 h with L. pseudomesenteroides PD4 (S1) or C. alimentarius PG3 (S2).

Syringic

Ferulic

Sample Gallic Acid Acid Acid Catequin  Epicatequin Rutin Myricetin
ID 365+ 02f  574+03P 07+00f 165+034 109+034d ND ND
ID-S1 504 +02" 484022 03+00P 1224+08° 68+00% 14+00d ND
ID-S2 4454+028 62+01°¢ 03+00P 1814+019 160+02f 254001 ND
IC 953+011 69+05¢ 124+00h 2624018 443+03" 15+00¢ ND
IC-S1 518+ 06" 66+02¢ 034+00% 4294037 201+048 234000 ND
IC-S2 555+ 031 64+01°9 02+£002 33.0+26h 108+01°4 204+00f ND
AD 65+03% 80-+01% 044+00¢ 284012 104+02¢ 1.0+01P 0.4+ 0.0
AD-S1 175+17¢ 81+018 024+002 85+01P 11.6+01¢ 13+00° ND
AD-S2 156+02b  614+01¢ 03+009 105+04° ND 09+0.0° ND
AC 303+ 169 86+04h 1.0+008 2274+07f 2014+028 21+0.18 0.4 +0.1
AC-S1 173+00¢ 7740.1f 024002 1904+01¢ 1594+00f 154+00¢ ND
AC-S2 335+05¢ 81+018 03+00P 196+07¢ 84+02Pb 20+00f ND

Mean = standard deviation. ND: not detected. Different letters in the same column indicate significant differences
between samples (p < 0.05).

When control beverages obtained by colloidal mill were compared, the Italian cultivar
was found to contain higher levels of gallic and ferulic acids, catechin, and epicatechin than
the Argentinean beverages. However, it contained lower levels of syringic acid and rutin,
while myricetin was not detected. On the other hand, the fermentation of colloidal milled
beverages reduced the polyphenolic content for both strains evaluated, while in the case
of domestically processed beverages, the effect depended on the phenolic compound, the
cultivar, and the strain used.

A clear point was that colloidal milling produced a beverage with a higher amount
of polyphenols than domestic processing, due to the loss of the non-dispersed fraction
(waste). The flavonoid distribution and predominance differ between the skin and the
kernel. Pistachio kernels are characterized by the presence of catechin, eriodictyol-7-O-
glucoside, genistein-7-O-glucoside, naringenin-7-O-neohesperidoside, rutin (quercetin-3-
O-rutinoside), isoquercetin, genistein, eriodictyol, daidzein, and apigenin [28]. Pistachio
skins contain these flavonoids, except for isoflavones and apigenin. They also contain
epicatechin, quercetin, naringenin, luteolin, kaempferol, and anthocyanidins (e.g., cyanidin-
3-O-galactoside and cyanidin-3-O-glucoside) [2,29,30]. Thus, the polyphenol profile was
affected by both the milling process used to prepare the beverages and the fermentation
with lactic acid bacteria, at least in terms of the ratio of the different compounds.

3.5. Color

Color parameters of the Argentinean and Italian fermented pistachio beverages are
presented in Table 6. When all the data were analyzed by ANOVA Multifactor, significant
effects of variety (Argentinean or Italian) were observed. Thus, the statistical analysis
was performed separately for each variety. Lower L* values were detected in all Italian
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beverages compared to Argentinean ones, suggesting that Italian pistachios presented
lower luminosity due to differences in chemical composition. Bronte pistachios presented a
violet-colored skin. Differences in the a* and b* parameters were found, but not to a greater
proportion than in L*.

Table 6. Color values for Italian (I) and Argentinean (A) pistachio beverages made with domestic (D)
or colloidal mill (C) and fermented for 24 h with L. pseudomesenteroides PD4 (S1) or C. alimentarius
PG3 (S2) strains.

Samples L* a* b* AE BI
D 51.6+02¢ 37+01° 251+06P 4704012 10.0+0.2P
ID-S1 36.8+042 60+01¢ 233+052 602+03°¢ 17.8+03¢
ID-S2 430+07> 58+01¢4 246+083 548+05° 1524024
IC 458 +05¢ 3.6+01¢ 255+07° 5244+02°¢ 111+0.1°
IC-S1 4764+219 34401 275+13°¢ 51.6+13¢ 108+0.1¢
IC-S2 51.3+0.1¢ 30+012 271+02¢ 480401 93+0.1°2
AD 613+089 3.0+01P 3224033 4274062 87+01Pb
AD-S1 446+142 76+02¢ 316+162 566+049 190+05¢
AD-S2 56.6+12¢ 424029 3224043 465+12P 109+059d
AC 542 4+03P 324+01°¢ 307+092 4754+03P 98+03°
AC-S1 651+01f 28+023 333+05P 407+04¢ 82+0.33
AC-S2 629 £03¢ 26+0.02 3194033 413+01°¢ 804012

AE: color difference; BI: browning index. Different letters in the same column indicate significant differences
between values (Duncan test. p < 0.05).

Regarding the Italian cultivar, ANOVA Multifactor (Table 7) showed that the method
of processing (colloidal or domestic), and the fermentation (without fermentation—W— or
fermented with S1 or S2 strain) had a significant effect, as did the interaction between the
two processes, except for the b* parameter. In the case of Argentinean beverage, neither the
method nor fermentation had a significant effect on the b* parameter. On the other hand,
for both types of pistachios, in the absence of fermentation, colloidal milling produced
lighter beverages with lower L* values; fermentation increased the L* values of C compared
to D beverages. AE and Bl increased with fermentation in domestic beverages, whereas
the opposite behavior was observed for colloidal samples. Moreover, fermentation with S1
produced a more colored beverage (lower values of L* and higher a*, AE, and BI values)
than S2.

Table 7. Results of ANOVA Multifactor. Effects of the method of processing (colloidal, C or domestic,
D) and fermentation (without starter, W or fermentation with L. pseudomesenteroides PD4 (S1) or
C. alimentarius PG3 (S2) strains).

Color Method Fermentation Method Fermentation
Values Italian Beverages Argentinean Beverages
L* C>D S1<S2<W C>D S1<W<S2
a* C<D W <S2<S1 C<D W <S2<6S1
b* C>D ns ns ns
AE C<D W <S2<S1 C<D S2 <W<S1
BI C<D W <S82<6S1 C<D WF=852<651

ns: no significant (p > 0.05); AE: color difference; Bl: browning index.

Thus, the variety, the method of processing and the strain used for fermentation are
involved in determining the final color of the beverages, with Italian pistachio beverages
being more colored than those made with the Argentinian variety. Furthermore, it is reason-
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able to hypothesize that microbial metabolism could influence color through the production
or degradation of pigments, changes in pH, or oxidation-reduction reactions affecting the
color. In this context, the lactic acid bacteria strains used produced organic acids that
may have altered the chemical environment and, consequently, the color parameters of
the matrix.

3.6. Bioactive Properties

Results on the antioxidant properties are shown in Figure 1. Unfermented Argentinean
and Italian beverages made with domestic processor showed similar ABTS+ scavenging
and FRAP activities. In general, colloidal milling allowed for the obtaining of beverages
with higher bioactivity, due to all components being included in the beverage. Moreover,
the Italian pistachio beverage obtained by colloidal milling showed significantly higher an-
tioxidant activity levels than the Argentinean pistachio beverage. Fermentation decreased
this activity in all the beverages by around 40% for ABTS+ scavenging (except for AC-51),
and by 30-60% for FRAP. This decrease in AOA could be related to the concentration of
phenolics after processing. In this sense, colloidal milling enabled greater extraction of phe-
nolic compounds from the nuts, while fermentation reduced the content of the most active
phenolic structures through metabolism. ABTS+ inhibition correlated with the content of
epicatechin (p: 0.0323; r: 0.9094) and gallic acid (p: 0.0241; r: 0.9255).
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Figure 1. Antioxidant properties of pistachio beverages from Italian (I) and Argentinian (A) varieties
made with domestic processor (v) or colloidal mill (v) and fermented with L. pseudomesenteroides PD4
(S1) or C. alimentarius PG3 (S2) strains. (A) ABTS+ scavenging; (B) FRAP assay. Different letters mean
significant differences among samples (p < 0.05). * means significant difference between domestic or
colloidal milling.

Tomaino et al. [6] showed that pistachio shells had higher levels of phenolic com-
pounds and exhibit greater antioxidant activity than the kernels. It is likely that fine
grinding improved the extraction of phenolics from both parts of the nut, avoiding the
loss of phenolics bound to the waste produced by domestic processor. Additionally, Grace
et al. [7] reported that the polar skin extract had the highest phenolic content, and that
antioxidant activity was associated with the polyphenolics instead of lipophilic constituents
of the nuts. The antioxidant potential of phenolic compounds is related to the scavenging
of free radicals, which may reduce the oxidative stress markers observed in healthy subjects
under clinical studies after pistachio consumption [2].

Additionally, other phenolic compounds (e.g., proanthocyanidins and flavonoids)
present in in vitro digested and fermented pistachios, like y-tocopherol [31], and natural oc-
curring phylloquinone, carotenoids, and chlorophyll [29] could be involved in the pistachio
antioxidant properties.
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Figure 2 shows the anti-diabetogenic (ADA-inhibition of DPP-IV) and antihypertensive
(AHA-inhibition of ACE-I) activities of pistachio beverages. No DPP IV inhibition was
detected in the Argentinean pistachio beverages. However, colloidal milling of Italian
pistachio favored this activity (Figure 2A). The fermentation increased the inhibition of
DPP-1V, particularly for S2 strain fermentation. Regarding ACE-I inhibition (Figure 2B),
all samples had a high AHA, except for the ID-52 sample. The AHA was higher for
beverages obtained using the colloidal mill. Fermentation increased ACE-I inhibition for
Argentinian pistachio beverages, mainly when S1 strain was used. While LAB fermentation
did not change the activity of IC beverages, it decreased ID beverages bioactivity. Since
fermentation decreased polyphenols and there was no correlation among AHA or ADA
and the content of polyphenols, the results of AHA and ADA suggest that bioactive
peptides could be involved in these bioactivities. However, there are few reports about
bioactive peptides generated by fermentation or digestion of pistachio proteins. Recently,
Marulo et al. [32] analyzed the bioactive peptides released by lactic acid bacteria fermenting
pistachio beverages and found that a variety of peptides with different sequences and
lengths are generated in beverage samples as a result of LAB-induced proteolysis. Some of
the released peptides possess potential bioactivities, such as ACE and DPP-IV inhibition
and antioxidant properties.

A B
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Figure 2. Bioactive properties from pistachio-beverages from Italian (I) and Argentinian (A) varieties
made with domestic processor (v) or colloidal mill (v) and fermented with Leuc. pseudomesen-
teroides PD4 (S1) or C. alimentarius PG3 (S2) strains. (A) DPP IV inhibition; (B) ACE-I inhibition.
Different letters mean significant differences among samples (p < 0.05). * means significant difference
between domestic or colloidal milling.

Systematic reviews and meta-analyses have suggested that consuming pistachios can
have beneficial effects on blood pressure, endothelial function, and on markers of glucose
and insulin metabolism [2]. Asbaghi et al. [33] reported that pistachios could reduce systolic
blood pressure, especially in trials with a follow-up period of at least 12 weeks. Kendall
etal. [34] reported that the addition of pistachios (56 g) to foods with a high glycaemic index
(such as pasta, parboiled rice, and instant mashed potatoes) reduced the total postprandial
glycaemic response by 20-30%.

4. Conclusions

Pistachio beverages have the potential to serve as functional milk-alternatives with
multiple bioactivities, including antioxidant, anti-diabetogenic, and antihypertensive prop-
erties. Our findings highlight the importance of considering the geographical origin of
pistachios when evaluating their nutritional properties, as these can vary significantly
between regions. Industrial processing to make pistachio drinks would be desirable, since
it allows the whole nut to be incorporated into the product without generating waste.
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The different processing treatments had distinct impacts on the functional properties
of the pistachio-based beverages. Beverages treated with colloidal milling exhibited higher
acidity, increased production of organic acids and ethanol, and improved microbial fermen-
tation performance, especially when combined with L. pseudomesenteroides PD4. In contrast,
beverages produced with a domestic food processor showed lower fermentation intensity
and occasional sedimentation during storage. These differences are likely attributable
to particle size, matrix stability, and protein dispersion, all of which influence microbial
activity and physicochemical behavior.

Fermentation could enhance some bio-functional properties such as anti-diabetogenic
and antihypertensive activities, which could be mainly attributed to bioactive peptides
produced by LAB. To this regard, the strain L. pseudomesenteroides PD4 (S1) probed to be an
interesting candidate for the development of fermented pistachio beverages.

Finally, the industrial processing of pistachios for the production of milk analogs and
fermented beverages is encouraged, since it allows for obtaining a better extraction of
nutrients and health-promoting compounds.

Furthermore, we highlighted that future research should focus on optimizing pro-
cessing parameters (e.g., homogenization intensity and thermal treatment), performing
sensory and volatile compound analyses, investigating the interaction between specific
strains and different plant matrices, and studying the effect of gastrointestinal digestion on
the bioaccessibility of bioactive compounds, and their properties related to health benefits.
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Abbreviations

The following abbreviations are used in this manuscript:

LAB Lactic acid bacteria

A Argentinean pistachio nuts

I Italian pistachio nuts

D Domestic processor

C Colloidal mill

S1 Leuconostoc pseudomesenteroides PD4
52 Companilactobacillus alimentarius PG3

BI Browing index
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AOA Antioxidant activity

ADA Antidiabetogenic activity

AHA Antihypertensive activity

ACE-] Angiotensin converting enzyme -1
DPP-IV  Dipeptidyl peptidase -IV

TDF Total dietary fiber
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