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Abstract
Supplementation of probiotic strains can enhance the absorption of amino acids from protein in the gut. The purpose of 
this study was to assess if supplementation of a multi-strain probiotic or a postbiotic, consisting of the same strains, would 
alter the absorption of individual and total amino acids following ingestion of a plant-based meal. Sixteen male participants 
consumed either probiotic (PRO) or postbiotic (cells inactivated by γ-irradiation; POST), both consisting of L. paracasei 
LP-DG® (CNCM I-1572) plus L. paracasei LPC-S01 (DSM 26760), or a placebo (PLA) for 2 weeks in a randomized, double-
blind, crossover design study separated by a 4-week washout period. During the testing session, blood samples were taken 
at baseline, 30-, 60-, 120-, and 180-min post-ingestion of a plant-based vegan burger patty. Plasma amino acid levels were 
analyzed, and percent changes from baseline were assessed using linear mixed-effects models, with the PLA condition as 
the reference group. There was statistically significant POST condition-by-time interactions for percent changes in alanine, 
asparagine, citrulline, cystine, glycine, methionine, proline, and total amino acids (p < 0.05, for all). Additionally, there was 
a statistically significant condition (PRO) by time interactions for cystine (p = 0.02). Two weeks of POST supplementation 
resulted in significant improvements in amino acid absorption profiles for various individual amino acids and total amino 
acids compared to PLA. This is the first study to report improved amino acid absorption from a mixed macronutrient meal 
following a period of postbiotic supplementation.
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Introduction

Probiotics are living microorganisms that can confer health 
benefits when administered in adequate amounts [1, 2]. Pro-
biotic supplementation has been shown to elicit a myriad of 
benefits to the host; however, for a probiotic to impact health, 
it must survive the GI environment, and the magnitude of its 
effects is strain- and dose-dependent [3]. Moreover, many 
live microorganisms used as probiotics are sensitive to heat 
and/or oxygen, leading to challenges in sustaining their 
shelf-life. In fact, to offset the expected decrease in viable 
cells at the end of shelf-life, manufacturers often include 
more than the stated quantity [4]. Fermented foods such 
as kimchi, sauerkraut, yogurt, and kombucha also possess 
health-promoting bacteria; however, the number of bacteria 
in food products is not standardized. Furthermore, the bac-
teria in these foods, like probiotics, have limited shelf-life. 
For this reason, alternative methods of extending probiotic 
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shelf-life have been explored, leading to the development of 
postbiotics [5, 6].

A broad consensus on the definition of postbiotics has 
not yet been established [7]. However, postbiotics must con-
tain intact cells or cell fragments and are produced from 
killing bacteria through a deliberate killing process. They 
are “preparations of inanimate microorganisms and/or their 
components that confer a health benefit on the host.” [8]. 
These inactivated cells may offer an attractive alternative 
relative to safety [9] and stability, when compared to their 
probiotic counterparts [5]. The process of inactivation can 
be achieved in several ways, including thermal sterilization, 
pasteurization, or irradiation [5]. Regardless of their prepa-
ration method, postbiotics are thought to be potentially as 
effective as probiotic supplementation [10]. Of the purported 
benefits, certain strains of probiotics have been observed to 
support digestive health [11], positively modulate immune 
system function [12, 13], and aid in gastrointestinal protein 
absorption [14]. Research in probiotic and postbiotic supple-
mentation continues to gain interest with an emerging focus 
on its potential to improve protein absorption efficiency.

Dietary protein intake is essential to basic human physiol-
ogy and influences tissue-building, body composition, and 
immune function [15]. Plant proteins are typically consid-
ered to be low-quality when compared to animal sources due 
to their amino acid profiles [16]. However, despite this clas-
sification, the increased consumption of plant-based proteins 
is cited as a nutritional strategy to improve overall health 
[17]. Additionally, many individuals have opted to reduce 
meat consumption or avoid it altogether. A worldwide sur-
vey in 2019 revealed that 40% of those surveyed admitted to 
intentionally reducing meat consumption in favor of alterna-
tive protein sources [18]. In the USA, the plant-based meat 
market is anticipated to grow by several billion dollars [19]. 
Due to increased interest in plant-based diets, research to 
improve the bioavailability of plant-based proteins is cur-
rently being conducted [20]. One such strategy is the co-
ingestion of bacterial cells alongside plant-based proteins 
to improve amino acid bioavailability.

Lacticaseibacillus paracasei is a species of bacteria fre-
quently included in commercially available supplements 
[21]. Strains from this species have been previously reported 
to aid in improving the gut microbiota environment [22–24]. 
Additionally, we have previously demonstrated that L. para-
casei DG and L. paracasei LPC-S01 increased amino acid 
absorption from pea protein powder when compared to a pla-
cebo [20]. Therefore, the purpose of this study was to assess 
if supplementation of a multi-strain probiotic or a postbiotic 
consisting of inactivated cells of the same strains would alter 
the absorption of individual and total amino acids following 
ingestion of plant-based meals. It was hypothesized that both 
probiotic and postbiotic supplementation would enhance 
amino acid appearance relative to placebo.

Methods

Probiotic and Postbiotic Preparations

Three microbial preparations were evaluated, each compris-
ing a blend of industrially lyophilized biomasses from two 
Lacticaseibacillus paracasei strains: DG (L. casei DG®, 
CNCM I-1572) and LPC-S01 (DSM 26760). One prepara-
tion contained viable bacterial cells, another included bac-
teria inactivated by heat treatment (80 °C for 30 min), and 
the third consisted of bacteria inactivated by γ-irradiation 
(10 kGy, in accordance with ISO 11137). Only the viable 
(probiotic) and γ-irradiated (postbiotic) preparations were 
used in the human trial. The postbiotic, probiotic, and cor-
responding placebo (maltodextrin) were provided in sachets 
by Sofar S.p.A., Italy. The probiotic sachets contained 10 
billion colony-forming units (CFU), while the postbiotic 
sachets contained 10 billion active fluorescent units (AFU), 
5 billion of each individual strain, respectively.

Evaluation of Membrane Integrity

The membrane integrity of bacteria was evaluated follow-
ing labeling with SYTO™ 24 and propidium iodide using 
flow cytometry (BD Accuri™ C6 flow cytometer, BD 
Biosciences, Milan, Italy). One gram of lyophilizate was 
resuspended in PBS buffer to obtain a 1:10 dilution. Follow-
ing homogenization, the cell suspension was subjected to 
serial decimal dilutions in filtered PBS buffer, using 1.5-mL 
Eppendorf tubes. These dilutions were used to determine 
vitality by setting the following instrumental parameters: 
sample acquisition volume: 50 µL and threshold: FSC: 4000 
and SSC: 1000. The flow cytometric analysis involved an 
initial acquisition of the unlabeled sample to identify the 
appropriate decimal dilution for subsequent staining, ensur-
ing that the number of events/microliter was within the range 
of 1000 to 3000. After determining the correct dilution, 
cell labeling was performed by adding 50 µL of the sample 
and 10 µL of the SYTO™ 24 marker to 440 µL of diluent 
(filtered PBS) (absorption (nm): DNA (490), RNA (ND)) 
along with propidium iodide (PI). The total number of viable 
cells was then determined by double labeling the samples in 
accordance with protocol B of the ISO 19344:2015 method 
(IDF 232).

Evaluation of β‑Galactosidase Activity

The β-galactosidase activity was assessed using a colori-
metric test on the protein extract obtained from cell lysis of 
the freeze-dried final product. Specifically, 1 g of freeze-
dried product was resuspended, washed twice in 20 mL of 
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0.1 M phosphate buffer (pH 7), and then resuspended in a 
final volume of 5 mL. Following cell disruption via bead 
beating (4 cycles of 20 s at 6300 RPM), the suspension 
was centrifuged at 13,000 RPM for 45 min at 5 °C. After 
protein quantification using the Bradford assay, a 100 μL 
aliquot of the protein extract was added to 130 μL of phos-
phate buffer and 100 μL of o-nitrophenyl-β-galactosidase 
(ONPG) (3 mg/mL) and incubated for 2 h at 37 °C, moni-
toring the change in absorbance at 420 nm. The enzymatic 
activity was expressed as a relative unit, calculated by com-
paring the enzymatic units of the sample with those of the 
“non-inactivated” sample of the respective product.

Overview of Human Trial

A randomized, double-blind, crossover study was performed 
to assess the amino acid concentration in the blood after the 
administration of a plant-based burger containing 20 g of 
protein from pea protein isolates, rice protein, and mung 
bean protein with co-administration of probiotics or post-
biotics vs. placebo. The subjects were asked to consume 
one sachet in the morning with 240 mL of water. The Uni-
versity of Mary Hardin-Baylor Institutional Review Board 
approved this study (IRB number: #114 on March 9, 2022). 
Participants were informed of the rationale and purpose of 
this study and their right to refuse or discontinue participa-
tion at any given time throughout the study. All participants 
provided written informed consent prior to participation.

Participants

Sixteen normal-weight recreationally active males 
([mean ± SD] age: 23.1 ± 3.2 years; height: 180.3 ± 7.7 cm; 
weight 86.6 ± 13.8 kg; body fat 17.8 ± 6.3%) were recruited 
for the present study. Subjects did not consume any nutri-
tional or ergogenic supplement known to affect measures of 
the current study for 6 weeks prior to participation, includ-
ing probiotics, prebiotics, and digestive enzymes. Exclu-
sion criteria included any individual who was being treated 
for or diagnosed with a gastrointestinal, cardiac, respira-
tory, circulatory, musculoskeletal, metabolic, immune, 
autoimmune, psychiatric, hematological, neurological, or 
endocrinological disorder. Additionally, participants who 
were determined to not be weight stable, defined as meas-
ured body mass deviating by 2% or more between trials, 
and participants who were not willing to abstain from alco-
hol, nicotine, and caffeine for 12 h prior to each visit were 
excluded (Fig. 1).

Study Design

Three supplementation periods that each spanned 2 weeks 
were completed and separated by a washout period of 
4  weeks (Fig.  2). For each study visit, all participants 
reported to the laboratory between 06:00 and 9:00 h after 
an 8- to 10-h fast. Their diet was recorded, and subjects were 
asked to repeat the same diet for the 2 weeks leading up to 
the second and third experimental testing sessions.

Assessed for eligibility (n = 24)
Excluded (n= 5)
•   Not mee�ng inclusion criteria (n=3)
•   Declined to par�cipate (n=2)
•   Other reasons (n=0)

Randomized (n = 19)

Treatment 1 (n= 19)

Treatment 2 (n= 18)Lost to follow-up (n= 2)
Blood draw difficulty (n= 1)

Scheduling Conflict (n= 1)*did con�nue 
treatment
Discon�nued interven�on (n= 0)

Completed Treatment 1 (n= 16) Completed Treatment 2 (n= 17)

Enrollment

Alloca�on

Follow-up

Analysis

Analyzed (n= 16) Excluded from analysis (n= 0)

Treatment 3 (n= 17) Lost to follow-up (n= 1)
Discon�nued interven�on (n= 0)

Completed Treatment 3 (n= 16)

Completed All Treatments 
(n= 16)

Fig. 1   Consort chart
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Participants were randomly assigned to ingest either a 
placebo (PLA), a postbiotic (POST), or a probiotic (PRO) 
product for 2 weeks. On testing days, biotics were ingested 
fasted with 240 mL of water (or whatever the standard pro-
cedure was), while on non-testing days, the biotics were 
ingested upon waking with breakfast with 240 mL of water. 
Upon arrival for each study visit, participants had their rest-
ing heart rate, blood pressure, body mass, height, and body 
composition (InBody 770, InBody, Seoul, South Korea) 
measured.

Testing Session

Subjects rested semi-supine for placement of a Teflon cathe-
ter into an antecubital vein for multiple blood sampling. The 
catheter was kept patent by flushing with 2–3 mL of 0.9% 
sodium chloride. Following baseline sampling, participants 
ingested their respective treatments and then consumed a 
vegan burger (Beyond Burger, Beyond Meat, El Segundo, 
CA). Thereafter, blood samples were collected at 30-, 60-, 
120-, and 180-min post-ingestion (Fig. 2). Subsequently, a 
4-week washout period was implemented, followed by the 
opposite condition.

Vegan Burger Preparation

A single vegan patty (20 g protein, 14 g fat, and 7 g car-
bohydrate) was prepared in the lab on an indoor grill. The 
patty was cooked until the internal temperature reached 165° 
Fahrenheit as measured by a meat thermometer and served 
to participants plain.

Outcome Variables

Dependent variables for the amino acid appearance por-
tion of the trial included total amino acids, essential amino 
acids (EAAs), branched-chain amino acids (BCAAs), and 
individual amino acids (arginine, glutamine, citrulline, 
serine, asparagine, glycine, threonine, alanine, ornithine, 
methionine, proline, lysine, aspartic acid, histidine, valine, 
glutamic acid, tryptophan, leucine, phenylalanine, isoleu-
cine, cysteine, and tyrosine) in peripheral blood. The maxi-
mum observed concentration (Cmax) and corresponding time 
(Tmax) and incremental area under the curve (iAUC) were 
calculated for each amino acid. Safety was assessed with a 
complete blood count (CBC) and comprehensive metabolic 
panel (CMP) at all pre- and post-time points.

Amino Acid Analysis

Amino acid analysis was performed by Heartland Assays, 
Iowa State University Research Park, Ames, IA, USA. 
EZ:faast® amino acid analysis kits (Phenomenex, Tor-
rance, CA) were used for liquid chromatographic analysis 
of amino acids using tandem-mass spectrometry (LC/MS/
MS) and electrospray ionization (ESI). The procedure con-
sisted of solid phase extraction of 25 µL of plasma with 
internal standards by a sorbent tip attached to a syringe with 
an eluting solvent (a 3:2 mixture of sodium hydroxide with 
77% n-propanol and 23% 3-picoline). The free amino acids 
were then derivatized by adding a mixture of 17.4% propyl 
chloroformate, 11% isooctane, and 71.6% chloroform. The 
resulting mixture was vortexed and allowed to sit at room 

Fig. 2   Study scheme for the 
intervention trial with the probi-
otic (PRO), postbiotic (POST), 
and placebo (PLA) preparations
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temperature for 1 min, followed by liquid–liquid extraction 
with isooctane. Fifty microliters of the organic layer was 
removed, dried under nitrogen gas, and suspended in the 
HPLC run solvents before being injected into the LC/MS/
MS. Chromatographic separation of the derivatized amino 
acids was conducted on an EZ:faast amino acid analysis-
mass spectrometry column (250 × 2.0 mm i.d., 4 µm) using 
an Agilent 6460 triple quadrupole LC/MS/MS system (Santa 
Clara, CA). Ten millimolar of ammonium formate in water 
with 0.2% formic acid (mobile phase A) and 10 mM ammo-
nium formate in methanol with 0.2% formic acid (mobile 
phase B) were used as a solvent system with gradient condi-
tions of 68% B at 0 min to 83% B over 13 min with a flow 
rate of 0.25 mL/min. Amino acids and internal standard data 
were collected using the Dynamic Multiple Reaction Moni-
toring mode using Mass Hunter acquisition software (Agi-
lent, Santa Clara, CA). Mass Hunter Quantitation software 
was used to quantitate the unknown plasma samples based 
on best-fit standard curves [20].

Statistical Analysis

Seventeen individuals participated in the study. One par-
ticipant was missing all data from all time points within one 
condition and was therefore excluded from the analysis. For 
the remaining 16 participants, the only missing data point 
was the 180-min time point for one participant within the 
placebo condition. These missing data were imputed using 
the last observation carried forward from the 120-min time 
point. Therefore, 16 individuals were included in the statisti-
cal analysis.

Changes in raw amino acid concentrations and percent 
changes from baseline were analyzed using linear mixed-
effects models (nlme package [25], v. 3.1–157) with a ran-
dom intercept for the participant. A first-order autoregres-
sive (AR1) variance–covariance matrix was employed, using 
the correlation form of time | participant/condition. These 
models were fit by maximizing the restricted log-likelihood 
(REML). In all models, the reference condition was pla-
cebo (PLA). Model assumptions were examined through 
graphical methods (i.e., residuals vs. fitted plots and quan-
tile–quantile plots). Model coefficients were examined using 
the SjPlot package [26] (v. 2.8.14) to determine the effects 
of each condition, time, and condition-by-time interactions.

In addition to linear mixed-effects models, pharma-
cokinetic calculations were performed. The incremental 
area under the concentration vs. time curve (iAUC) was 
calculated using the method of Brouns et al. [27]. The 
PKNCA package [28] (v. 0.10.0) was used to establish 
the maximum observed concentration (Cmax) and time of 
maximum observed concentration (Tmax). iAUC, Cmax, and 
Tmax values were analyzed via the Friedman rank sum test, 
using the rstatix package [29] (v. 0.7.0). When a Friedman 

test was significant, post hoc tests were performed using 
Wilcoxon signed-rank tests. For all tests, statistical signifi-
cance was accepted at p < 0.05. Data were analyzed in R 
(version 4.2.1).

Results

Selection of the Postbiotic Formulation

The industrial bacterial biomass of the strain L. paracasei 
LPC-S01 was used to determine the most suitable method 
for producing the postbiotic for the subsequent human study. 
To this end, we compared the live, heat-inactivated, and 
γ-irradiated preparations in terms of cell membrane perme-
ability to propidium iodide and intracellular enzymatic activ-
ity (β-galactosidase). Both heat treatment and γ-radiation 
completely inactivated the L. paracasei LPC-S01 biomass 
(CFU per gram of powder below the detection limit). None-
theless, we found that ionizing radiation (γ rays) inactivated 
bacterial cells while preserving membrane integrity to a 
much greater extent than heat treatment (Fig. 3a). Addition-
ally, the β-galactosidase activity in γ-inactivated cells was 
not significantly lower than that in viable cells, whereas 
in heat-inactivated bacteria, it was significantly reduced 
(Fig. 3b). Based on these findings, bacterial cells inactivated 
by γ-irradiation were selected as the postbiotic for the human 
trial, to be compared with the same live probiotic strains.

Amino Acid Concentrations

Relative to the reference model (i.e., PLA condition), 
there were statistically significant POST condition-by-time 
interactions for percent changes in alanine (0.07%/min 
[0.01–0.13]; p = 0.02), asparagine (0.08%/min [0.01–0.15]; 
p = 0.03), citrulline (0.06%/min [0.01–0.12]; p = 0.02), cys-
tine (0.04%/min [0.01–0.08]; p = 0.02), glycine (0.08%/min 
[0.02–0.14]; p = 0.01), methionine (0.05%/min [0.01–0.10]; 
p = 0.02), proline (0.05%/min [0.0–0.10]; p = 0.04), and 
total amino acids (0.05%/min [0.0–0.09]; p = 0.04; Fig. 4, 
Table 1). Additionally, there was a statistically significant 
PRO condition-by-time interactions for cystine (0.05%/
min [0.01–0.08]; p = 0.02). In addition to these condi-
tion-by-time interactions, significant effects of time were 
observed for alanine (p = 0.02), arginine (p = 0.02), BCAAs 
(p < 0.001), citrulline (p = 0.01), cystine (p < 0.001), EAA 
(p = 0.03), isoleucine (p < 0.001), leucine (p < 0.001), 
methionine (p < 0.001), ornithine (p < 0.001), and valine 
(p = 0.002). Percent changes in amino acid concentrations 
over time are displayed in Fig. 4 and Table 1. Raw amino 
acid concentrations and coefficients and p-values for percent 
change linear mixed-effects models are displayed in the sup-
plementary materials.
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When examining raw concentrations without accounting 
for baseline differences, the only statistically significant con-
dition-by-time effects was for higher citrulline (0.02 μmol/L/
min [0.0–0.04]; p = 0.04) and cystine (0.03 μmol/L/min 
[0.0–0.06]; p = 0.04) over time in the POST condition 
relative to the reference model. In addition to these con-
dition-by-time interactions, significant effects of time were 
observed for arginine (p = 0.04), BCAA (p = 0.002), citrul-
line (p = 0.03), cystine (p < 0.001), EAA (p = 0.048), isoleu-
cine (p < 0.001), leucine (p = 0.001), methionine (p = 0.01), 
ornithine (p < 0.001), and valine (p = 0.03). Coefficients and 
p-values for raw concentration linear mixed-effects models 
are displayed in the supplementary material.

Pharmacokinetic Analysis

Arginine iAUC values significantly differed by condition 
(p = 0.0498), with post hoc tests indicating higher iAUC 
in the POST condition as compared to PLA (p = 0.04; 
Table 2). Additionally, trends (0.05 < p < 0.1) were pre-
sent for alanine (p = 0.07) and phenylalanine (p = 0.099) 

iAUC values. For Cmax, a significant Friedman test result 
was observed only for alanine (p = 0.047). However, post 
hoc tests did not reveal any significant differences between 
individual conditions (Table 3). For Tmax, significant effects 
of condition were observed for isoleucine (p = 0.03), 
methionine (p = 0.04), ornithine (p = 0.03), and total amino 
acids (p = 0.04). For isoleucine, post hoc tests indicated a 
significant difference between POST and PLA (p = 0.01), 
such that Tmax tended to occur later in POST as compared 
to PLA (Table 4). For methionine, post hoc tests did not 
reveal any significant differences between individual condi-
tions. For ornithine, post hoc tests indicated a significant 
difference between POST and PRO (p = 0.02), such that 
Tmax tended to occur later in POST as compared to PRO. 
For total amino acids, post hoc tests revealed a significant 
difference between POST and PRO (p = 0.03), such that 
Tmax tended to occur later in POST as compared to PRO. 
Additionally, trends for significant Friedman tests were 
observed for phenylalanine (p = 0.08), proline (p = 0.06), 
and threonine (p = 0.09).

Safety Analysis

All safety blood values for CBC and CMP were within 
normal limits for all participants throughout the study 
duration. Safety outcomes are displayed in the supple-
mentary material.

Fig. 3   Comparison of lyophilized biomasses of Lacticaseibacil-
lus paracasei LPC-S01 before (live) and after inactivation by heat 
treatment or γ-irradiation. a Cell membrane integrity assessed by 
flow cytometry following SYTO-9/propidium iodide staining, with 
data presented as the percentage of fluorescent units in the 2D pie 
chart. b β-Galactosidase activity assessed through the ONPG (ortho-
nitrophenyl-β-galactoside) hydrolysis assay; statistical analysis was 
performed using an unpaired Student’s t-test (n = 3; *p < 0.05)

Fig. 4   Percent change in total amino acids. Percent changes in total 
amino acids following postbiotic (POST), probiotic (PRO), or pla-
cebo (PLA) are displayed. In the linear mixed-effects model, a sta-
tistically significant group by time interaction term was present for 
POST vs. PLA (p = 0.04), but not PRO vs. PLA (p = 0.56)
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Table 1   Changes in amino acid 
concentrations

Amino acid Condition Mean percent changes (%) Condition by time 
interaction vs. 
PLA

0–30 min 0–60 min 0–120 min 0–180 min p-value

Alanine PLA  − 2.1 1.2 1.5  − 7.7 –
POST  − 3.0 2.9 9.3 3.7 0.02*
PRO 1.6 11.5 5.1  − 3.9 0.79

Arginine PLA 21.3 37.4 42.1 18.4 –
POST 29.1 43.4 46.2 27.5 0.60
PRO 27.7 48.8 41.4 22.5 0.92

Asparagine PLA 15.3 19.8 16.1 9.5 –
POST 4.2 17.0 23.4 16.6 0.03*
PRO 11.1 27.6 23.8 10.7 0.48

Aspartic acid PLA 18.6 28.7 28.8 18.4 –
POST 30.7 18.8 32.0 45.1 0.67
PRO 27.6 102.8 11.1 14.4 0.61

Bcaa PLA 3.3 13.4 19.6 10.7 –
POST 2.5 10.6 18.6 16.1 0.29
PRO 4.6 17.8 21.6 13.2 0.73

Citrulline PLA 4.1 1.1  − 5.3  − 5.3 –
POST 3.7 0.4  − 0.3 5.6 0.02*
PRO 2.0 2.9 1.6  − 1.5 0.18

Cystine PLA  − 1.4  − 6.6  − 10.5  − 12.5 –
POST  − 5.6  − 6.4  − 2.0  − 8.9 0.02*
PRO  − 4.4  − 5.8  − 7.7  − 5.4 0.02*

Eaa PLA 3.8 12.1 14.6 6.0 –
POST 2.9 10.6 17.0 12.1 0.13
PRO 5.0 17.7 17.9 8.5 0.65

Glutamic acid PLA 12.0 14.8 8.6  − 1.2 –
POST 17.9 24.3 22.1 25.8 0.07
PRO 7.5 19.3 11.9  − 3.0 0.96

Glutamine PLA  − 3.1 1.0 2.1  − 2.7 –
POST  − 1.2 2.2 6.0 4.0 0.16
PRO  − 2.7 4.4 2.7 2.0 0.42

Glycine PLA 1.9 3.5 2.1  − 4.2 –
POST  − 0.4 2.9 9.0 7.7 0.01*
PRO 2.2 12.5 5.3 0.2 0.51

Histidine PLA 1.1 2.3 3.5 0.9 –
POST  − 1.4 3.8 10.6 6.0 0.08
PRO 1.4 9.1 6.9 1.7 0.88

Isoleucine PLA 8.2 24.5 33.8 19.2 –
POST 6.0 20.1 34.7 29.2 0.17
PRO 9.4 29.3 39.0 25.5 0.42

Leucine PLA 3.4 17.2 23.3 12.7 –
POST 5.6 16.4 21.4 21.1 0.33
PRO 6.8 23.8 26.7 15.8 0.81

Lysine PLA 9.6 22.5 21.1 9.9 –
POST 8.9 20.3 28.8 17.1 0.15
PRO 13.0 31.4 29.9 13.7 0.58

Methionine PLA  − 2.9  − 0.6  − 5.8  − 14.0 –
POST  − 2.3 0.6 1.5  − 5.7 0.02*
PRO  − 1.6 5.4 0.6  − 7.5 0.12
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Discussion

The increasing worldwide interest in adopting a more plant-
based, whole-food diet is often met with concerns about 
whether these diets allow for the ingestion of adequate pro-
tein, both in terms of quantity and quality. A lifestyle imple-
menting a balanced plant-based and protein-rich diet can offer 
health benefits for individuals [30]; however, the distribution 
of amino acids within plant protein versus animal protein dif-
fers and may subsequently impact the gut—even when pro-
tein consumption meets the recommended dietary allowance 
(RDA) [31]. Probiotics as a whole have demonstrated the abil-
ity to aid human physiology in multiple ways including the 
improvement of gut health [11], mood [32], stress and depres-
sion [33], immune system function [34], and allergy response 
[35]. Various strains of probiotics have been observed to 
improve the absorption of nutrients, namely, protein, through 

their influence in upregulating digestive enzymes, which has 
led some researchers to believe that probiotics may also posi-
tively influence body composition by facilitating muscle pro-
tein synthesis [20, 36, 37].

Postbiotics are a more recent conception and are thought 
to positively influence health as effectively as probiotics with 
differences only in their preparation, though research is war-
ranted to fully elucidate the mechanisms by which postbi-
otics affect the gut [8]. Additionally, the potential benefits 
of postbiotic supplementation could extend beyond just the 
host. For example, postbiotics are not as sensitive as their 
“live” counterparts and are therefore less susceptible to deg-
radation with changes in the environment. This characteristic 
may allow for a longer shelf-life and facilitate transport and 
storage without deterioration. Postbiotics may also possess 
the ability to better withstand the harsh environment of the 
digestive tract [8].

PLA placebo, POST postbiotic, PRO probiotic
*Denotes significance

Table 1   (continued) Amino acid Condition Mean percent changes (%) Condition by time 
interaction vs. 
PLA

0–30 min 0–60 min 0–120 min 0–180 min p-value

Ornithine PLA 21.7 38.2 48.7 37.3 –

POST 15.5 31.2 48.0 47.4 0.21

PRO 24.3 43.5 45.5 38.5 0.84
Phenylalanine PLA 3.4 10.8 14.0 2.7 –

POST 3.8 12.2 16.5 10.8 0.11
PRO 6.0 18.8 16.9 7.3 0.57

Proline PLA 1.9 5.9 5.0  − 5.3 –
POST 4.1 8.1 7.2 5.7 0.04*
PRO 3.3 12.5 6.2  − 0.5 0.49

Serine PLA 11.6 12.1 11.0 1.6 –
POST 3.7 8.0 13.0 11.2 0.07
PRO 10.3 19.4 13.2 10.3 0.28

Threonine PLA 3.5 7.8 6.4 0.4 –
POST 1.5 5.3 9.2 6.3 0.10
PRO 3.5 15.0 11.7 4.5 0.33

Total AA PLA 2.3 7.9 8.7 0.8 –
POST 1.9 7.8 12.7 8.5 0.04*
PRO 2.8 13.2 10.5 3.9 0.56

Tryptophan PLA 1.1 3.9 2.6  − 7.7 –
POST 0.7 9.7 5.8 1.5 0.12
PRO  − 1.9 4.9  − 1.2  − 7.4 0.99

Tyrosine PLA 1.0 15.1 11.6 1.2 –
POST  − 1.1 16.1 12.9 7.7 0.33
PRO 1.7 13.7 14.0 6.3 0.46

Valine PLA 1.8 8.0 13.2 6.9 –
POST 0.0 4.8 12.6 9.8 0.37
PRO 2.0 11.4 13.8 8.3 0.83
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In a previous study, we demonstrated that the ingestion 
of plant protein with 2 weeks of probiotic supplementation 
containing L. paracasei DG and L. paracasei LPC-S01 
increased circulating levels of amino acids when compared 
to a placebo. Thus, the purpose of the present study was to 
examine whether supplementation of a multi-strain probiotic 
consisting of 5 billion CFU L. paracasei DG plus 5 billion 
CFU L. paracasei LPC-S01 or a postbiotic consisting of the 
same strains would alter the absorption of individual and 
total amino acids following ingestion of a plant-based meal. 
The primary findings of the present study were observed in 
the postbiotic supplementation group whereby the observed 
increase in circulating levels of alanine, asparagine, citrul-
line, cystine, glycine, methionine, proline, and total amino 
acids demonstrates: (1) confirmation that the administration 
of the strains DG and LPC-S01 may aid in protein absorp-
tion and (2) that postbiotic supplementation L. paracasei 
DG and LPC-S01 may potentially be more effective than 
probiotic supplementation. Moreover, incremental area 
under the curve (iAUC) values were higher for arginine in 

the postbiotic condition when compared to the placebo con-
dition. Additionally, time to concentration max (Tmax) in the 
postbiotic condition occurred later than in both the placebo 
and probiotic conditions for isoleucine, methionine, ornith-
ine, and total amino acids. This may reflect additional unique 
effects of postbiotics on intestinal physiology.

Prior to the present investigation, there were, to our 
knowledge, no studies that examined postbiotic supplemen-
tation and its co-ingestion of a plant protein–based meal. 
That said, the current body of knowledge regarding postbi-
otic supplementation and its positive impact on health can-
not be ignored. Postbiotics have been reported in animal 
models to modulate the gut environment leading to subse-
quent benefits similar to those obtained through probiotic 
supplementation [38–40]. Investigations analyzing postbiot-
ics in humans have reached similar conclusions relative to 
the efficacy of postbiotics. Lee and colleagues [41] assessed 
probiotic versus postbiotic supplementation compared to a 
placebo following 6 weeks of treatment and measured bio-
markers indicative of muscle damage. They observed that 

Table 4   Time of maximal observed concentration (Tmax)

POST postbiotic, PRO probiotic, PLA placebo
*Denotes significance

Amino acid Postbiotic Probiotic Placebo p (Friedman test) Median percent differences

Median IQR Median IQR Median IQR POST vs. PRO PRO vs. PLA

Alanine 120 60 60 67.5 45 120 0.14 90.9 28.6
Arginine 120 60 120 60 120 60 0.89 0.0 0.0
Asparagine 120 60 60 60 60 60 0.37 66.7 0.0
Aspartic Acid 150 150 45 90 60 67.5 0.41 85.7  − 28.6
BCAA​ 120 30 120 60 120 15 0.58 0.0 0.0
Citrulline 45 97.5 60 52.5 30 60 0.21 40.0 66.7
Cystine 0 75 0 60 0 30 0.38 NA NA
EAA 120 75 120 60 120 60 0.70 0.0 0.0
Glutamic Acid 60 105 60 90 45 97.5 0.50 28.6 28.6
Glutamine 90 67.5 60 97.5 60 97.5 0.49 40.0 0.0
Glycine 120 75 60 90 60 90 0.19 66.7 0.0
Histidine 120 60 60 60 60 90 0.23 66.7 0.0
Isoleucine 120 60 120 15 120 60 0.03* 0.0 0.0
Leucine 120 75 120 15 120 60 0.96 0.0 0.0
Lysine 120 75 120 60 120 60 0.13 0.0 0.0
Methionine 60 97.5 60 75 30 60 0.04* 66.7 66.7
Ornithine 120 60 120 60 120 15 0.03* 0.0 0.0
Phenylalanine 120 60 90 60 90 60 0.08 28.6 0.0
Proline 90 60 60 60 60 45 0.06 40.0 0.0
Serine 120 120 60 67.5 90 67.5 0.41 28.6  − 40.0
Threonine 120 75 90 60 60 60 0.09 66.7 40.0
Total AA 120 30 90 60 120 60 0.04* 0.0  − 28.6
Tryptophan 60 97.5 60 37.5 30 75 0.25 66.7 66.7
Tyrosine 120 60 120 60 90 60 0.63 28.6 28.6
Valine 120 15 90 60 120 15 0.48 0.0  − 28.6



	 Probiotics and Antimicrobial Proteins

the postbiotic was just as effective in reducing muscle dam-
age as probiotics when compared to the placebo. In fact, 
there are several studies that observe the positive influence 
of postbiotics whether it is immune function, recovery, 
inflammation, and now, plant protein absorption [41–44].

In our study, we selected a postbiotic prepared through 
γ-irradiation over the more commonly used heat inactiva-
tion. Recent studies indicate that gamma irradiation removes 
lactobacilli’s ability to replicate while preserving their meta-
bolic activity [45]. Similarly, in our study, tests on the indus-
trial biomass of L. paracasei LPC-S01 demonstrated that 
γ-irradiation not only effectively inactivates cells’ reproduc-
tive capacity but also preserves both membrane integrity, 
potentially leading to better retention of the probiotic proper-
ties of the original live microorganism. The preservation of 
membrane integrity is essential for bacterial cells because it 
maintains the proper internal environment for cellular func-
tions, including enzyme activity. If the membrane is com-
promised, it can disrupt enzyme function.

Unexpectedly, we observed that irradiated bacterial cells 
were even more effective than live cells in facilitating the 
release of free amino acids. This surprising and appar-
ently counterintuitive result could have several speculative 
explanations. One possibility is related to L. paracasei’s 
auxotrophy for various amino acids, which, as in many lac-
tobacilli, is due to evolutionary adaptation to nutrient-rich 
substrates like milk or animal intestines, leading to efficient 
systems for the import and use of exogenous amino acids 
[46–48]. Unlike live bacteria, irradiated cells are unable to 
reproduce, likely resulting in reduced amino acid import and 
utilization, which in turn may leave a greater pool of free 
amino acids available for host absorption. It is also possible 
that γ-inactivation, despite preserving cytoplasmic mem-
branes, induces the release of cellular components such as 
proteolytic enzymes, which could further promote protein 
hydrolysis. Finally, we cannot rule out that the postbiotic 
and the probiotic preparations may influence differently the 
host’s microbiota, immune responses, or gene expression in 
the small intestine mucosa, thereby impacting amino acid 
absorption. These hypotheses, however, remain speculative 
and require further investigation. Overall, the present study 
adds to the mounting evidence in support of postbiotic sup-
plementation and offers the first observation of improved 
amino acid absorption following the co-ingestion of a post-
biotic supplement versus a probiotic supplement with a plant 
protein–based, mixed meal.

Interestingly, in this trial, the probiotic condition exhib-
ited increases in only cystine (+ 9%) when compared to the 
placebo. This finding differs from our previous experiment in 
which the appearance of amino acids following the co-inges-
tion of a probiotic supplement and plant protein was greater 
in multiple amino acids, including total amino acids, when 
compared to placebo [20]. Specifically, increases in leucine 

(+ 23.3%), isoleucine (+ 26.0%), valine (+ 21.5%), and total 
EAA (+ 16.0%) were observed in the probiotic condition as 
compared to the placebo condition [20]. A possible explana-
tion for these differences could be due to the selected pro-
tein source and the amino acid composition of those sources. 
Despite protein sources from both studies containing similar 
amounts of pea protein (20 g), the vegan patty selected in the 
present investigation included an additional 14 g of fat and 
7 g of carbohydrate. The mixed-meal aspect of this investiga-
tion may have altered absorption times in comparison to the 
protein shake absorption kinetics which was seemingly unaf-
fected in the absence of carbohydrates and fat [20]. Yoshii and 
colleagues [49] observed that co-ingestion of leucine with a 
mixed meal containing fat, protein, and carbohydrates sup-
pressed the appearance of leucine in plasma. Unfortunately, 
this was the only amino acid the investigators measured so 
comparisons to other individual amino acids, other BCAAs, 
EAAs, and total amino acids cannot be extrapolated.

Future research into postbiotic influence on nutrient 
absorption should continue and efforts to identify their 
mechanisms of action are necessary. Although probiotics can 
influence absorption through several different mechanisms, 
it is purported that increased digestive enzyme production 
is one of the primary drivers of amino acid absorption. The 
postbiotic used in this investigation was produced with 
membrane integrity intact and maintained enzyme activity; 
therefore, we speculate that amino acid absorption improved 
through increased digestive enzyme activity elicited by the 
postbiotic. This investigation presents promising and novel 
evidence that postbiotic supplementation enhances amino 
acid absorption in a plant-based, mixed meal. Additional 
research into varying forms of protein and amino acid 
profiles should also be conducted to fully understand the 
influence of postbiotics. For example, examination of the 
appearance of amino acids following the co-ingestion of a 
postbiotic with a whole food source of protein (plant ver-
sus animal), protein powder (plant versus whey versus soy), 
and mixed meals (animal versus plant-based) would aid in 
deepening our understanding. Finally, of interest to athletes 
and other individuals who choose to adopt a plant-based diet 
is the absorption of BCAAs and EAAs to optimize mus-
cle repair and muscle protein synthesis. Evidence already 
exists demonstrating the ability of postbiotics to influence 
recovery; therefore, additional research into specific popu-
lations (e.g., vegans or vegetarians) should be conducted to 
determine if postbiotic supplements can similarly influence 
muscle growth and recovery.

A limitation of this research was the inability to ana-
lyze the intestinal microbiome to determine whether the 
interventions affected the abundance of microbial taxa or 
their metabolites. Although a follow-up study in women is 
expected, we recognize that the inclusion of only men is a 
limitation.
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Conclusions

Two weeks of supplementation of postbiotic supplemen-
tation containing 5 billion AFU L. paracasei DG plus 5 
billion AFU L. paracasei LPC-S01 resulted in significant 
improvements in amino acid absorption profiles for various 
amino acids and total amino acids compared to placebo and 
probiotic supplementation. This is the first data to report 
an improved absorption of amino acids in a mixed macro-
nutrient meal and provides a rationale for probiotic and/or 
postbiotic supplementation as a support strategy to improve 
the amino acid response in the post-prandial state.
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