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Abstract
Purpose  In the present study, we systematically identified and evaluated a synbiotic combination of phytochemical epigal-
locatechin gallate (EGCG) and probiotic bacteria in amelioration of immunosenescence and oxidative stress in aged mice.
Methods  Inhibitory effects of EGCG against different bacterial species were evaluated in vitro, followed by analysis to iden-
tify potential combination of EGCG and probiotic bacteria against alleviation of oxidative and inflammatory stress ex vivo. 
The best synbiotic combination, vis-à-vis prebiotic and probiotic supplementation alone, was then evaluated in aged Swiss 
albino mice for modulation of various immunological and antioxidative parameters.
Results  EGCG strongly inhibited the growth of pathogenic microbes as compared to probiotic bacteria. A combination of 
EGCG with probiotic Lactobacillus fermentum (LF) provided evidence of additive effects in the amelioration of oxidative and 
inflammatory stress-induced cell death. In vivo study revealed that combined supplementation of LF and EGCG significantly 
enhanced neutrophil oxidative index, CD3+ cell numbers and activation status, Th1/Th2 cytokines in splenic supernatants as 
well as liver Nrf-2 expression in comparison with treatments with LF or EGCG alone. The combined application of EGCG 
and LF did not simply result in additive or synergistic effects in relation with individual treatments.
Conclusion  These observations suggest that EGCG could be considered as a potential prebiotic that can offer second genera-
tion synbiotic health beneficial effects for the alleviation of some of the deleterious aspects of immunosenescence and aging.
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Abbreviations
EGCG​	� Epigallocatechin gallate
LF	� Lactobacillus fermentum

LR	� Lactobacillus rhamnosus
LP	� Lactobacillus planatarum
tBHP	� Tert-Butyl hydroperoxide
PRE	� Prebiotic
PRO	� Probiotic
SYN	� Synbiotic
PBMCs	� Peripheral blood mononuclear cells
PCM	� Probiotic-conditioned media
NF-κB	� Nuclear factor kappa-light-chain enhancer of 

activated B cells

Introduction

Age-associated aberrations in immune system are amongst 
the principal factors accountable for increased morbidity 
and mortality in elderly [1]. Nutritional interventions for 
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modulation of age-related immune disorders appear a tan-
talizingly achievable strategy owing to well-documented 
anti-inflammatory and antioxidative attributes of several 
nutraceuticals [2]. In addition, a plethora of data has estab-
lished that probiotic bacteria play a vital role in influenc-
ing not only the gut microbiome, but also different aspects 
of human health and behavior [3, 4]. Probiotics have tra-
ditionally been associated with small carbohydrates called 
prebiotics that aid in their growth and activity. However, 
conventional prebiotics are non-digestible carbohydrates that 
not only lack significant inherent bioactive properties but 
are also liable to encourage growth of non-probiotic bacte-
ria such as Eubacterium biforme or Clostridium perfingens 
[5]. Furthermore, it has been documented that consumption 
of traditional prebiotics may not always induce changes in 
gut microbiota [6] or consistently affect clinical end points 
[7]. Therefore, it is increasingly desirable to identify non-
carbohydrate alternatives of prebiotics with potent inherent 
bioactive attributes and a strong ability to differentially pro-
mote probiotic bacterial growth that may potentially confer 
additive or synergistic health beneficial effects on host.

A vast majority of studies pertaining to prebiotics and 
synbiotics in vivo have focused on gut microbiome modula-
tion induced by supplementation of conventional prebiotics. 
However, a novel concept called ‘second generation synbiot-
ics’ has been advocated recently, suggesting that prebiotics 
could be best defined based on their physiological effects or 
functional capacities in host rather than their specific micro-
bial targets, as often viewedtraditionally [8, 9]. Synbiotics 
based on such prebiotics could thus confer specific and/or 
enhanced health beneficial effects on hosts which may not 
necessarily be related to microbiome modulation. In this 
regard, phytochemicals such as catechins represent potential 
prebiotic candidates, since their bioactive and pharmaco-
logical efficacies are well established. Moreover, although 
catechins have been generally considered as anti-bacterial 
agents; specific studies have also indicated that catechins dif-
ferentially modulate bacterial growth with a greater inhibi-
tory influence on pathogenic bacteria as opposed to probiotic 
bacteria [10–12]. Furthermore, there is evidence to consider 
that amalgamation of polyphenols with probiotic bacteria 
could induce enhanced health beneficial effects as reviewed 
by Banerjee and Dhar [13]. However, to the best of our 
knowledge, there are no reports assessing combined effects 
of probiotics and polyphenols in comparison with individ-
ual treatments on different aspects of aging and immunity. 
Therefore, in the present study, we hypothesized that a puta-
tive combination of green tea EGCG and probiotic bacteria 
could offer additive/synergistic or differential effects on vari-
ous aspects of immune responses and antioxidant capacity 
in aging animals. To test our hypothesis, we first assessed 
the growth behavior of probiotic and pathogenic bacteria 
in the presence of EGCG. Next, we screened a potential 

synbiotic combination using an oxidative and inflammatory 
stress-based ex vivo cellular system. The identified combi-
nation was then assessed for anti-immunosenescence and 
immune rejuvenating effects vis-à-vis prebiotic and pro-
biotic supplementation alone using an in vivo aging mice 
model. Thus, the major focus of the present investigation is 
to assess whether a mixture of EGCG and probiotic bacteria 
could significantly confer immune rejuvenating effects dur-
ing aging.

Materials and methods

Microorganisms and culture conditions

Lactobacillus fermentum (LF) and Lactobacillus planatarum 
(LP) used in the present study were isolated from fecal mat-
ter of adult human [14, 15]. The bacteria were identified by 
16 s rRNA gene sequencing and characterized for probiotic 
attributes as per WHO/FAO guidelines (data unpublished). 
These particular bacterial species were chosen in the present 
study after initial screening of indigenously isolated bacte-
rial strains for potential probiotic attributes as well tolerance 
to EGCG (data not shown). Lactobacillus rhamnosus (ATCC 
53103) was procured from HiMedia laboratories (Mumbai-
India) as a probiotic standard control. The pathogenic bac-
teria [Escherichia coli (EC); Salmonella typhi (ST); Pseu-
domonas (PS); Staphylococcus aureus (SA); Klebsiella (K); 
Shigella flexneri (SF); Vibrio cholera (VC)] were purchased 
from MTCC-IMTECH, Chandigarh (India). The probiotic 
isolates were maintained in de Man, Rogosa and Sharpe 
(MRS) broth (HiMedia laboratories, Mumbai-India), while 
pathogens were grown in nutrient broth at 37 °C. For in vivo 
experiments, the bacterial cultures were stored at − 80 °C 
in MRS broth, which was supplemented with 25% (vol/vol) 
glycerol and activated before use by sub-culturing twice in 
MRS broth for 18 h at 37 °C.

Extraction, isolation, and identification of EGCG 
from Kangra tea shoots

EGCG was isolated, identified, and characterized from fresh 
Kangra tea shoots procured from Tea Experimental Farm, 
CSIR-IHBT, Palampur as described previously [16].

Effect of EGCG on bacterial growth

To assess the effect of EGCG on growth of different bac-
terial species, a 5% bacterial inoculum was transferred to 
a broth containing 0.1% EGCG (w/v) [10]. Absorbance at 
600 nm was measured using Synergy H1 Multi-mode Reader 
microplate reader (BioTek Instruments Inc, Winooski, USA) 
after incubation for 24 h at 37 °C. Growth was compared to 
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that of the control (without EGCG) for each bacterial species 
to determine the activity of EGCG and data are expressed as 
percent control growth using the formula:

Identification of EGCG–probiotic combination

The combination of EGCG and probiotic bacteria with 
potential health beneficial effects during aging was iden-
tified using ex vivo models of oxidative and inflamma-
tory stress in murine peripheral blood mononuclear cells 
(PBMCs). PBMCs were isolated using Histopaque 1077 
as previously described [16]. Briefly, whole blood (~ 1 ml) 
was laid over 3 ml of Histopaque 1077 and centrifuged at 
400×g for 30 min at room temperature. The layer of isolated 
PBMCs at the interface of plasma and Histopaque solution 
was collected and washed twice with 5 ml PBS following 
which the cells were suspended in complete RPMI-1640 
media for further enumeration and analysis. For induction of 
oxidative stress, cells were suspended in RPMI-1640 media 
and seeded into 6-well plates (@ 106 cells/ml) followed by 
incubation with tert-Butyl hydroperoxide (tBHP) at 1 mM 
for 3 h at 37 °C in a humidified CO2 incubator. Probiotic-
conditioned media (PCM) were prepared utilizing superna-
tant of overnight cultured probiotic inoculum (final bacteria 
concentration 108 cfu/ml) in MRS broth at 37 °C. The pH 
of the supernatant was adjusted to 6.8–7.0, sterile filtered, 
and mixed with RPMI-1640 (10% v/v) to prepare final PCM. 
EGCG (1 µM) and PCM, alone or in combination were 
tested for amelioration of tBHP-induced oxidative stress by 
analyzing percent cell death using propidium iodide staining 
in AMNIS ImageStream Mark II Imaging Flow Cytometer 
(Merck Millipore, Germany) as described by Crowley et al. 
[17]. For induction of inflammatory stress, isolated PBMCs 
were stimulated with LPS (1 µg/ml) for 24 h at 37 °C in a 
humidified CO2 incubator. PCM and EGCG (1 µM) alone or 
in combination were tested for amelioration of LPS-induced 
inflammatory stress by analyzing levels of inflammatory 
cytokines (TNF-α/IL-6/IFN-γ) in culture supernatants using 
commercially available ELISA kits (eBioscience, USA) as 
per manufacturer’s instructions.

In vivo experiment design

Male Swiss albino mice, 16 months (weighing 38–40 g), 
were procured from animal house facility of Lala Lajpat Rai 
University of Veterinary and Animal Sciences, Hisar, India. 
This particular species, sex, and age group of animals were 
selected on the basis of our earlier profiling of age-asso-
ciated immunological changes in male Swiss albino mice 
[18]. All animals were housed in polypropylene cages and 

% control growth =
[

Absorbance in presence of EGCG∕Absorbance in absence of EGCG
]

× 100.

maintained under standard laboratory conditions (12:12 h 
reversed light/dark cycle; relative humidity at 50–60%, 
temperature of 22 ± 2 °C, and adequate ventilation) at the 

experimental animal facility of CSIR-IHBT, Palampur. All 
animals were fed on commercially available pelleted mice 
chow (Golden feeds, New Delhi, India) and water ad libitum. 
Animals were randomized into four groups of six mice each: 
1 control group and 3 experimental groups. Animals in the 
experimental groups were supplemented with either EGCG 
(at 100 mg/kg/animal/day) as prebiotic group (PRE) or LF at 
108 cfu/ml/animal/day as probiotic group (PRO) or in com-
bination of both PRE and PRO as synbiotic group (SYN) 
for 30 consecutive days by oral gavage at ~ 10:00 AM IST. 
EGCG was freshly prepared in PBS every day and a dose of 
100 mg/kg/animal was chosen based on our previous study 
[16]. LF was freshly inoculated and cultured every alternate 
day during the experimental period and orally gavaged in 
PBS. Control group animals were gavaged with PBS alone 
to negate any effects of stress. All animal experiments were 
conducted with the approval and as per guidelines of the 
institutional animal ethics committee (approval letter no. 
IAEC/IHBTP1/JAN 2016; dated, 05.01.2016). At the end 
of experiment, animals were humanely sacrificed by CO2 
asphyxiation. Blood was collected by retro-orbital puncture 
in EDTA coated vacutainer tubes, while spleen, liver, and 
small intestine of the animals were collected and processed 
as described below to assess various immunologic and oxi-
dative stress parameters.

Hematological analysis

Total white blood cells and sub-populations of different leu-
cocytes viz. neutrophils, lymphocytes, monocytes, eosino-
phils, and basophils were assessed in whole blood (100 µl) 
by automated Hematology analyzer XT 1800i (Sysmex Cor-
poration, Japan) as per manufacturer’s guidelines.

Neutrophil isolation and respiratory burst assay

Neutrophils were isolated from whole blood by Histo-
paque 1077/1119 density gradient as previously described 
[16]. The functional capacity of neutrophils was assessed 
using dihydrorhodamine (DHR-123)-based respiratory 
burst assay kit (Cayman chemicals; Cat no. 601130) as per 
manufacturer’s protocol. Briefly, neutrophils at 106 cells/
ml were suspended in assay buffer followed by the addi-
tion of DHR-123 and incubation in 37 °C water bath for 
15 min. The cells were further incubated with or without 
phorbol-12-myristate-13-acetate (PMA) for 45 min at 37 °C 
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following which cells were centrifuged and re-suspended in 
assay buffer and subjected to acquisition by AMNIS Imag-
eStream Mark II Imaging Flow Cytometer (Merck Milli-
pore, Germany). Results are expressed as oxidative index 
representing ratio of median fluorescence intensity of PMA 
stimulated versus non-stimulated neutrophils.

Labelling flow cytometric analysis in splenocytes

Splenocytes were isolated as previously described [16] and 
were used for immune-phenotyping in a three-color-stain-
ing experiment using flow cytometry. FITC-labelled anti-
mouse CD3e, PE-labelled anti-mouse NKp46 (CD335), 
and vioblue-labelled anti-mouse CD69 (Miltenyi Biotec, 
Germany) were used for identification of cell sub-popu-
lations and activation status. NK cells were identified as 
CD3-NKp46+ [19, 20], while NKT cells were recognized 
as CD3+ NKp46+ [21]. Expression of CD69 was consid-
ered as marker of early cell activation [22]. In brief, isolated 
splenocytes were suspended in FACS buffer (PBS, pH: 7.4 
with 0.5% BSA and 0.1% sodium azide) and incubated with 
diluted antibodies for 10 min in dark at 4 °C as per manu-
facturer’s instructions. The cells were then centrifuged at 
500×g for 5 min and the supernatant was decanted. The pre-
cipitant cells were washed twice with PBS and re-suspended 
in FACS buffer for data acquisition. Flow cytometry was 
conducted using AMNIS ImageStream®X Mark II Imaging 
Flow Cytometer (Merck Millipore, Germany), and data were 
analyzed using the INSPIRE ImageStream system software. 
Area versus aspect ratio feature was used for identification 
of single circular cells and forward and side scatter profiles 
were used to gate on the lymphocyte population. Appropri-
ate fluorescence minus one (FMO) controls were used in all 
staining to accurately identify the specific sub-population 
sets [16, 23].

Interleukins estimation in splenocytes

Splenocytes (106 cells/ml) were cultured in RPMI-1640 
media for 24 h at 37 °C in a humidified CO2 incubator fol-
lowing which the cells were centrifuged and supernatant was 
collected for analysis of cytokines (TNF-α/IL-6/IL-10) using 
sandwich ELISA kits (eBioscience, USA) as per manufac-
turer’s instructions.

Total antioxidant capacity in plasma

Total antioxidant capacity in plasma of experimental ani-
mals was measured using antioxidant assay kit (Cayman 
chemicals, USA) as per manufacturer’s instructions. The 
assay relies on the ability of antioxidants present in sample 
to inhibit the oxidation of ABTS by metmyoglobin which is 

then compared with Trolox. Results are expressed in terms 
of Trolox equivalents as per manufacturer’s instructions.

Western blot analysis

Liver tissue sections (100 mg per animal) were lysed with 
RIPA buffer (Sigma Aldrich, US) containing protease 
inhibitor cocktail. Lysates were collected and centrifuged at 
12,000 rpm for 20 min at 4 °C. Protein quantity was deter-
mined by Bradford assay [24]. Furthermore, 50 µg of total 
protein from each sample was subjected to SDS-PAGE and 
transferred onto polyvinylidene difuoride membrane (GE 
Healthcare Life Sciences, Europe,) membrane with semi-
dry trans-blotter (BioRad, USA) at 15 V for 90 min. The 
membranes were blocked with 5% non-fat dried milk for 
1 h at room temperature. Washed thrice in PBST and were 
probed with primary anti-NF-κB and anti-Nrf-2 antibodies 
(1:1000) (Cell Signalling Technology, USA) overnight at 
4 °C with gentle shaking. The blots were again washed thrice 
(15 min/wash) in PBST and incubated with a 1:3000 dilu-
tion of the HRP-conjugated anti-rabbit IgG antibody (Cell 
Signalling Technology, USA) with gentle shaking for 1 h. 
Subsequently, membranes were washed and protein bands 
were detected using ECL substrate on Azure c300 chemilu-
minescent western blot imaging system. β-tubulin (Santa-
Cruz, USA) expression was analyzed as a loading control. 
The proteinexpression relative to β-tubulin was quantified 
using the ImageJ software.

Statistical analyses

Data were analyzed using the GraphPad Prism (Ver-
sion 6) software. Experimental results are presented as 
mean ± standard error of the mean (SEM) per group. Each 
value is the mean of the data from an assay performed in 
duplicate or triplicate. Data were subjected to analysis of 
variance (ANOVA), and the Dunnett test was used to sepa-
rate the means (p < 0.05), which were considered statistically 
significant.

Results

Effect of EGCG on bacterial growth

As shown in Fig. 1, EGCG invariably inhibited the growth of 
different bacterial species, but the extent of inhibition varied 
greatly. All the tested pathogenic microbes showed strong 
growth inhibition in the presence of EGCG, while the prolif-
eration of probiotic bacteria appeared to be least influenced 
by EGCG. Nevertheless, amongst the tested probiotics, the 
commercial strain LR was most inhibited in the presence 
of EGCG, while LF appeared to be least influenced. On the 
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other hand, amongst pathogens, growth of ST appeared to 
be most negatively affected by EGCG, while K being the 
most resistant.

Identification of potential synbiotic combination

The effect of various combinations of EGCG and probiotic 
bacteria in amelioration of tBHP-induced cell death is pre-
sented in Fig. 2a. tBHP-induced massive cell death which 
was significantly reduced by EGCG. Amongst PCM of dif-
ferent probiotic bacteria, only LF treated cells could sig-
nificantly (p < 0.05) reduce cell death by a small fraction 
as compared to tBHP treated cells. Similarly, combination 
of LF and EGCG appeared to counter cell death by 43.24% 
and 13.21% as compared to cells treated with tBHP and 
tBHP + EGCG, respectively. Thus, LF appeared to confer 
cytoprotective effects on cells under oxidative stress and a 
combination of LF and EGCG could further alleviate cell 
stress with a small but non-significant decrease as opposed 
to either EGCG or bacterial treatment alone. Similarly, 
an LPS-based inflammatory stress model on lymphocytes 
was employed to further screen for best combination of 
EGCG–probiotic bacteria with protective effects (Fig. 3). 
In general, it was observed that PCM of all probiotic bacte-
ria were more effective in ameliorating inflammatory stress 
as compared to EGCG alone. Amongst the three cytokines 
tested, IL-6 secretion was most potently inhibited by the 
combination of EGCG and PCM showing statistically sig-
nificant (p < 0.05) differential effects (Fig. 3b). IFN-γ lev-
els showed that PCM of all probiotic bacteria could sig-
nificantly (p < 0.05) ameliorate inflammatory stress which 

was unscathed by the presence of EGCG (Fig. 3c). TNF-α 
levels did not show any particular trend, but LF appeared 
to be least effective in mitigating stress-induced production 
of TNF-α as compared to PCM of other bacteria (Fig. 3a). 
Taken together, a synbiotic combination of probiotic LF and 
EGCG was selected for further synbiotic testing in vivo.

Differential leukocyte count

The effect of PRE, PRO and SYN supplementation on abso-
lute numbers of leukocyte sub-population is presented in 
Table 1. A statistically significant (p < 0.05) increase in per-
cent neutrophils population was observed in SYN fed ani-
mals as compared to PRO group. An increase in neutrophil 
population was also observed in SYN group as compared to 
control group, but it could not reach statistical significance. 
On the other hand, a significant (p < 0.05) decrease in eosin-
ophil population was observed in SYN group as compared 
to PRE group, while no significant differences in any of the 
remaining sub-populations groups could be throughout the 
study duration.

Neutrophil oxidative index

The neutrophil oxidative index recorded a statistically sig-
nificant (p < 0.05) decrease in PRE and PRO groups as com-
pared to the control group (Fig. 4a). On the other hand, SYN 
fed animals observed a statistically significant (p < 0.05) 
increase in neutrophil oxidative index as compared to control 
group (Fig. 4a). The effect was most distinct in SYN fed ani-
mals as compared to PRO group animals, wherein a statisti-
cally significant (p < 0.001) increase of 163% was recorded. 
No significant difference could be observed between PRE 
and PRO groups.

Immunophenotyping analysis

Analysis of T-cell subset populations in splenocytes by 
imaging flow cytometry is presented in Fig. 5. The percent 
T-cell population (CD3+) recorded a significant (p < 0.05) 
increase in PRE, PRO, and SYN groups as compared to 
control (Fig. 5a). However, no significant changes could be 
observed amongst the treatment groups (Fig. 5a). In contrast, 
percentage of NK cells appeared to significantly (p < 0.05) 
decrease in both PRE and PRO groups as compared to con-
trol group (Fig. 5b). However, no significant difference in 
NK cell population could be observed amongst control and 
SYN groups suggesting a significant (p < 0.05) increase in 
NK cells of SYN group when compared to PRE and PRO 
groups (Fig. 5b). No distinct pattern could be observed for 
percent NKT cells, wherein a significant (p < 0.05) increase 
in PRO group was observed in comparison with PRE group 
(Fig. 5c). No significant variations in any of the remaining 

Fig. 1   Effect of EGCG on growth of probiotic and pathogenic 
microorganisms. A 5% inoculum of each bacterial species was 
inoculated to a broth containing 0.1% EGCG (w/v) followed by 
incubation for 24  h at 37  °C. Absorbance was read at 600  nm and 
results are expressed as % growth with respect to control (without 
EGCG). Results are shown as mean ± SEM, where n = 3. Probiotic 
microbes: LR Lactobacillus rhamnosus, LP Lactobacillus plana-
tarum, LF Lactobacillus fermentum, P Pediococcus pentosaceus, 
Pathogenic microbes: EC Escherichia coli, ST Salmonella typhi, PS 
Pseudomonas, SA Staphylococcus aureus, K Klebsiella, SF Shigella 
flexneri, VC Vibrio cholera 
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groups could be observed. Analysis of cellular activation 
status showed that only SYN group animals had signifi-
cantly (p < 0.01) increased population of activated T cells 
as compared to all the remaining groups (Fig. 6a). On the 
other hand, all the experimental groups showed signifi-
cantly (p < 0.05) reduced numbers of activated NK cells as 
compared to control (Fig. 6b). PRO-treated group recorded 
highest inhibition of activated NK cells amongst different 
groups, while least inhibition was observed for SYN group 
(Fig. 6b). However, no significant variations in activation 
status of NKT cells could be observed amongst any tested 
groups (Fig. 6c). Representative flow cytometry strategy and 
images are presented in Supplementary Fig. 1.

Interleukins analysis in splenocytes

The effect of different experimental treatments on interleu-
kins profile in cultured splenocytes is shown in Fig. 7. In 
general, SYN supplementation strongly enhanced the lev-
els of all measured interleukins as compared to remaining 
groups. In particular, TNF-α, IL-6, and IL-10 levels showed 
a massive and statistically significant (p < 0.01) 33, 80, and 
5.8-folds increase, respectively, in SYN group as compared 
to control (Fig. 7). No significant variations in PRE group as 
compared to control group could be observed except for IL-6 
levels. The PRO-treated cells also showed strong and signifi-
cant (p < 0.01) activation of Th1 cytokines (TNF-α/IL-6), 
while no significant changes were observed for IL-10 levels 
(Fig. 7). However, the ratio of TNF-α to IL-10 showed a 
statistically significant (p < 0.01) 5- and 68.18-folds increase 
in PRE and PRO fed group, respectively, as compared to 
control, while the ratio of IL-6 to IL-10 also observed a 
statistically significant (p < 0.01) increase of 32.2 and 200 
folds in PRE and PRO fed groups, respectively, as compared 
to control (Fig. 7d). Remarkably, no statistically significant 
difference in either TNF-α to IL-10 or IL-6 to IL-10 ratios 
could be observed in SYN group as compared to control 
group.

Plasma total antioxidant capacity

Analysis of total antioxidant capacity in plasma showed 
a robust and significant (p < 0.01) increase in PRE and 

SYN-treated groups as compared to control (Fig. 8). No 
significant difference between control and PRO could be 
observed. Similarly, antioxidant capacity in PRE and SYN 
groups were also at par with each other (Fig. 8).

Western blot analysis

The effect of SYN treatment on the expression of NF-κB 
and Nrf-2 transcription factors in liver tissue sections is pre-
sented in Fig. 9. NF-κB expression showed stark downregu-
lation in all treated groups when compared to control sug-
gesting anti-inflammatory effects of all treatments (Fig. 9a, 
c). Nrf-2 expression, on the other hand, recorded a dramatic 
increase in SYN fed groups only as compared to the remain-
ing groups (Fig. 9b, d).

Discussion

The objectives of the present investigation were to determine 
the prebiotic attributes of EGCG and its combined effect 
with probiotics on different compartments of immune sys-
tem and antioxidant defenses in vivo. The results justify 
our hypothesis that SYN supplementation has pleiotropic 
effects on several aspects of immune system and antioxi-
dant capacity. We observed that EGCG has the potential 
to differentially modulate bacterial growth with a higher 
inhibitory influence on pathogenic bacteria as compared 
to probiotics. These results are in agreement with a previ-
ous study on Kangra tea catechins by Sourabh et al. [12], 
wherein EGCG showed growth promoting effects on probi-
otics as compared to pathogens. Similarly, it has been shown 
that EGCG supplementation can enhance growth of com-
mensal microbes such as Bifidobacteria and Lactobacillus 
along with increased concentration of short-chain fatty acids 
[25]. Due to their minimal inhibitory influence on probiotics, 
catechins have been previously suggested as prebiotics that 
may play an important role in the maintenance of gastro-
intestinal health [10]. Our results validate and corroborate 
these facts and we observed that probiotic LF was least sen-
sitive to EGCG as compared to remaining tested bacteria 
thereby making this species a candidate for further synbiotic 
investigation.

In the next phase, we sought to assess second genera-
tion synbiotic attributes of EGCG that may result in spe-
cific health beneficial effects. We chose aged animals for 
our study, since they represent an ideal model to evalu-
ate whether candidate nutraceuticals with proven immu-
nomodulatory and antioxidant properties could amelio-
rate different aspects of aging and immunosenescence. In 
this regard, we and others have previously reported that 
catechins as well as probiotic bacteria have the potential 
to modulate immune responses in disease and syndromes 

Fig. 2   Identification of potential synbiotic combination with cyto-
protective effects against tBHP-induced oxidative stress in murine 
PBMCs. Cells were exposed to tBHP (1  mM) in the presence or 
absence of EGCG (1  µM) or probiotic-conditioned media (10%) or 
both as synbiotic for 3 h at 37 °C. Probiotic bacteria used: LR Lac-
tobacillus rhamnosus, LP Lactobacillus planatarum, LF Lactobacil-
lus fermentum. Cell death was analyzed by flow cytometry. a Percent 
dead cells. b–e Representative flow cytometry images. Each column 
represents the mean ± SEM, where n = 3. *p < 0.05 with respect to the 
values of tBHP alone treated cells

◂



2950	 European Journal of Nutrition (2019) 58:2943–2957

1 3

including in aging [16, 26–28]. Thus, to initially screen 
for potential synbiotic combination(s), an inflammatory 
and oxidative stress-based ex vivo cellular model was 

chosen that aptly reflects age-associated stressors. Stud-
ies aimed at identification of probable synbiotic com-
binations based on their functional characterization are 

Fig. 3   Identification of potential synbiotic combination with cyto-
protective effects against LPS-induced inflammatory stress in murine 
PBMCs. Cells were exposed to LPS (1  µg/ml) in the presence or 
absence of EGCG (1  µM) or probiotic-conditioned media (10%) or 
both as synbiotic for 24 h at 37 °C. Probiotic bacteria used: Lactoba-

cillus rhamnosus (LR); Lactobacillus planatarum (LP); Lactobacillus 
fermentum (LF). Culture supernatants were used for the assessment 
of inflammatory molecules by sandwich ELISA. a TNF-α b IL-6 and 
c IFN-γ by ELISA. Each column represents the mean ± SEM, where 
n = 3. *p < 0.05 with respect to the values of LPS alone treated cells

Table 1   Effect of synbiotic 
supplementation on differential 
leukocyte count in aging mice

Data are represented as mean ± SEM of 6 animals. Means that do not share a common superscript letter 
indicate statistical difference at p < 0.05

Control PRE PRO SYN

Total WBCs (× 103 cells/µl) 7.5 ± 0.39a 7.07 ± 1.15a 9.57 ± 0.52a 8.5 ± 0.67a

% Neutrophils 27.41 ± 2.43ab 26.6 ± 4.18ab 22.94 ± 1.94a 38.9 ± 6.58b

% Lymphocytes 59.55 ± 3.41a 60.58 ± 4.19a 64.78 ± 1.47a 55.10 ± 3.31a

% Monocytes 10.86 ± 1.31a 9.31 ± 0.51a 8.96 ± 0.31a 10.74 ± 1.34a

% Eosinophils 2.18 ± 0.31ab 3.43 ± 0.79a 3.22 ± 0.9ab 1.12 ± 0.13b

% Basophils 0 ± 0a 0 ± 0a 0.1 ± 0.003a 0.1 ± 0.06a
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limited. A report by Arena et al. [29] on LPS-stimulated 
THP-1 macrophages has shown that mixtures of probiotic 
microorganisms and barley β-glucans exhibited synergistic 
effects in modulating the transcriptional level of several 
immune-related genes, leading to an overall enhanced anti-
inflammatory effect. In the present study, we observed that 
EGCG effectively ameliorated oxidative stress, while pro-
biotics were more potent in mitigation of inflammatory 
stress. However, a combination of EGCG and LF appeared 
to be more potent against both stress components, thereby 
indicating that this particular mixture of EGCG and LF 
could act as a candidate synbiotic. Considering this with 
the ability of LF to thrive in the presence of EGCG, as 

noted earlier, the combination of EGCG and LF was uti-
lized for further in vivo experiments.

Analysis of in vivo study revealed that SYN supple-
mentation to aged animals appeared to enhance both the 
numbers as well as the functional capacity of neutrophils 
as evident by a marginal increase in circulatory neutrophil 
population along with a stark enhancement in neutrophil 
oxidative index. This is of significance as we have earlier 
observed a compromised immune response in neutrophils 
of aging Swiss albino mice [18]. Our results are contrary 
to those reported by Roller et al. [30], wherein synbiotic 
supplementation of inulin with Lactobacillus rhamnosus 
and Bifidobacterium lactis could not influence neutrophil 

Fig. 4   Effect of synbiotic 
supplementation on neutrophil 
functions. Aged animals were 
fed with EGCG @ 100 mg/kg/
animal/day (PRE) or probiotic 
LF @ 108 cfu/ml/animal/day 
(PRO) or both as synbiotic 
(SYN) for 30 days. Neutrophils 
were isolated from blood and 
assessed for (a) Oxidative 
index. Values are means ± SEM 
of six animals per group. Means 
that do not share a common 
letter indicate statistical differ-
ence at p < 0.05. Representative 
flow cytometry plots of different 
treatments (b) control, (c) PRE, 
(d), and PRO (e) SYN
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phagocytosis levels. It is, however, conceivable that the pres-
ence of a strong bioactive component such as EGCG and, a 
probiotic bacteria (LF) that tolerates EGCG, has attributed 
in the observed effects. The exact molecular mechanism(s) 
governing this phenomenon are not clear, but it is plausible 
to conclude that neutrophil numbers as well as functions 
are sensitive to SYN treatment. Flow cytometric analysis of 
splenocytes also indicated enhanced proliferation of T cells 
and its subsets in all treated animals, while remarkably, only 
SYN-treated animals had significantly enhanced activation 
(CD69) of T cells. This again highlights the significance of 
the synbiotic treatment and its differential effects as com-
pared to individual treatments. A decrease in numbers as 
well as inefficient immune response of T cells is considered 
a hallmark of immunosenescence and any interventions to 
revert this scenario would present a major anti-immunose-
nescence strategy [31, 32]. In this regard, we have earlier 
shown that EGCG can enhance CD3+ CD8+ cells during 
aging [16], while probiotic bacteria have also been attributed 

to influence T-cell population [33]. The percentage and/or 
absolute number of NK cells have been reported to increase 
during aging as reported by several studies [34–37] which 
may be the result of an accumulation of long-lived NK cells 
in older adults [38]. In the present study, we observed that 
various treatments were suppressive of NK cell numbers 
as well as activation status, albeit with a varying degree of 
influence, suggesting their potency in mitigating age-asso-
ciated dysfunctions in NK cells. Reports regarding the influ-
ence of aging on activation status of NK cells are conflicting. 
While bulk of data suggests that NK cells undergo char-
acteristic loss of activation with aging [39]; there are also 
reports suggesting that gradual aging leads to over activation 
of NK cells, as assessed by the presence of CD69 [35]. This 
over activation of NK cells could contribute to age-related 
pathologies, especially inflamm-aging and thus, based on 
our observations in the present study, controlled activation 
of NK cells during aging may be desirable.

Fig. 5   Effect of synbiotic supplementation on T cells and subset 
population in splenocytes. Aged animals were fed with EGCG @ 
100  mg/kg/animal/day (PRE) or probiotic LF @ 108 cfu/ml/animal/
day (PRO) or both as synbiotic (SYN) for 30 days. T cells and sub-

populations were identified using three-color flow cytometry. a % 
CD3+ cells, b % NK cells, c % NKT cells. Values are means ± SEM 
of six animals per group. Means that do not share a common letter 
indicate statistical difference at p < 0.05
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In the context of aging, we have previously shown that 
consumption of probiotic Lactobacillus fermentum fer-
mented milk strongly enhanced pro-inflammatory cytokines 
with inhibition of anti-inflammatory cytokines in aging 
animals [26]. In the present study, analysis of the ratio of 
cytokines TNF-α and IL-6 to regulatory cytokine IL-10 
clearly suggested that despite the observed indiscriminate 
increase in cytokines of SYN group; it may not have caused 
unwarranted activation/exacerbation of immune responses. 
Instead, it is reasonable to infer that SYN supplementation 
is capable of activating both (Th1 and Th2) cytokines, which 
may dynamically modulate the mechanisms of innate and 
adaptive immune responses by maintaining the balance 
between Th1 and Th2 lymphocytes [40]. Furthermore, it 
has been demonstrated that NF-κB transcriptional activity 
is up-regulated in an increased percentage of cells within a 
variety of tissues during aging that also contributes to the 
characteristic senescence associated secretory phenotype in 
aging cells [41]. Considering this, SYN supplementation in 
the present study appeared to have promoted inflammatory 

homeostasis by attenuating age-associated increase in liver 
NF-κB expression and thus would help maintain robust 
organ functions with age. It also signifies that despite a vari-
ety of immune stimulatory effects, SYN treatment did not 
result in any unwarranted systemic inflammatory exacerba-
tion. On the other hand, expression of Nrf-2 in liver cells 
showed a strong up-regulation only in SYN fed animals, 
thereby providing further evidence of strong antioxidant 
defenses as well as differential effects of SYN supplemen-
tation. Nrf-2 and expression of its target antioxidant genes 
have been reported to decrease with age, rendering impaired 
adaptive response to oxidative stress [42]. It is thus not sur-
prising that drugs that stimulate the Nrf-2 pathway are often 
considered for treatment of diseases that are caused by oxi-
dative stress. Analysis of total antioxidant capacity in plasma 
also showed that the apparent antioxidative attributes of PRE 
(EGCG) supplementation are maintained during SYN sup-
plementation thereby again indicating a functionally effec-
tive association of probiotic LF and EGCG.

Fig. 6   Quantification of activation status of T cells and subsets in 
splenocytes. Aged animals were fed with EGCG @ 100 mg/kg/ani-
mal/day (PRE) or probiotic LF @ 108 cfu/ml/animal/day (PRO) or 
both as synbiotic (SYN) for 30 days. CD69 based activation status of 

a CD3 cells, b NK cells, and c NKT cells was evaluated using flow 
cytometry. Values are means ± SEM of six animals per group. Means 
that do not share a common letter indicate statistical difference at 
p < 0.05
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Studies pertaining to systematic analysis and identifica-
tion of synbiotic combinations using plant bioactive nutra-
ceuticals and probiotics for health beneficial effects are 
extremely rare. A recent report has suggested that consump-
tion of probiotic enriched with bilberry, blackcurrant, mango 
or rose hip attenuated early phase insulin response in healthy 
adults that was attributed to higher phenolic content [43]. 
The present work has highlighted that application of EGCG-
based synbiotic combination can differentially modulate var-
ious aspects of immunosenescence and antioxidant capacity, 
as compared to individual treatments, thereby signifying the 
potential of developing functional foods based on similar 
approaches. Some of the limitations of our work include 
first the need of a deeper analyses into the observed effects. 
Multiple evidences in the present study have shown that 
SYN treatment resulted in near opposing effects on differ-
ent measured parameters than PRE or PRO treatment alone. 
Although the exact mechanisms behind these observations 
are not clear; it has been reported that probiotic bacteria can 
metabolize polyphenols into bioactive compounds result-
ing in epigenetic modulations pertaining to critical cell pro-
cesses [44] which may have contributed to apparent effects 

Fig. 7   Effect of synbiotic supplementation on Th1/Th2 immune 
response as measured by estimating interleukins in supernatants of 
cultured splenocytes. Aged animals were fed with EGCG @ 100 mg/
kg/animal/day (PRE) or probiotic LF @ 108 cfu/ml/animal/day (PRO) 

or both as synbiotic (SYN) for 30 days. Interleukins were estimated 
by sandwich ELISA a TNF-α, b IL-6, c IL-10, and d Interleukins 
ratio. Values are means ± SEM of six animals per group. Means that 
do not share a common letter indicate statistical difference at p < 0.05

Fig. 8   Effect of synbiotic supplementation on total antioxidant capac-
ity in plasma. Aged animals were fed with EGCG @ 100 mg/kg/ani-
mal/day (PRE) or probiotic LF @ 108 cfu/ml/animal/day (PRO) or 
both as synbiotic (SYN) for 30 days. Total antioxidant capacity was 
evaluated in terms of Trolox equivalents. Values are means ± SEM of 
six animals per group. Means that do not share a common letter indi-
cate statistical difference at p < 0.05
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of SYN treatment. Second, for the in vitro experiments, the 
probiotic bacteria used in the present study were cultured 
under aerobic conditions, while in vivo, most of intestinal 
bacterium living in gastrointestinal tract is normally exposed 
to anaerobic conditions. Although there are such reports uti-
lizing aerobic cultured Lactobacillus sp. for assessing physi-
ological effects [45, 46]; nonetheless, it would be prudent 
to validate the observed efficacy of probiotic bacteria, as 
observed in the present study, using carefully controlled 
anaerobic conditions. Third, given the apparent general 
tendency of SYN to stimulate cellular immune response, it 
would also be interesting to assess such efficacy in wake of 
a pathogen challenge experiment in aging animals. This is of 
particular interest as LF treatment attenuated LPS-induced 
inflammatory response during ex vivo analysis but in vivo, 
the effects were starkly different.

In conclusion, the present work provides a novel direc-
tion to our understanding of health beneficial aspects of 
the mutual association of probiotics and polyphenols. Our 
observations provide compelling evidence that EGCG has 
the potential to act as a second generation synbiotic for 

amelioration of some of the deleterious aspects of immu-
nosenescence and aging. However, further investigations 
aimed at understanding the probiotic–EGCG interactions 
are required to fully comprehend their apparent effects dur-
ing aging.
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