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Abstract 

Background Immunosenescence occurs as people age, leading to an increased incidence of age‑related diseases. 
The number of senescent T cells also rises with age. T cell senescence and immune response dysfunction can result 
in a decline in immune function, especially in anti‑tumor immune responses. Metformin has been shown to have 
various beneficial effects on health, such as lowering blood sugar levels, reducing the risk of cancer development, 
and slowing down the aging process. However, the immunomodulatory effects of metformin on senescent T cells still 
need to be investigated.

Methods PBMCs isolation from different age population (n = 88); Flow Cytometry is applied to determine the pheno‑
typic characterization of senescent T lymphocytes; intracellular staining is applied to determine the function of senes‑
cent T cells; Enzyme‑Linked Immunosorbent Assay (ELISA) is employed to test the telomerase concentration. The 
RNA‑seq analysis of gene expression associated with T cell senescence.

Results The middle‑aged group had the highest proportion of senescent T cells. We found that metformin could 
decrease the number of CD8 + senescent T cells. Metformin affects the secretion of SASP, inhibiting the secretion 
of IFN‑γ in CD8 + senescent T cells. Furthermore, metformin treatment restrained the production of the proinflam‑
matory cytokine IL‑6 in lymphocytes. Metformin had minimal effects on Granzyme B secretion in senescent T cells, 
but it promoted the production of TNF‑α in senescent T cells. Additionally, metformin increased the concentration 
of telomerase and the frequency of undifferentiated T cells. The results of RNA‑seq showed that metformin promoted 
the expression of genes related to stemness and telomerase activity, while inhibiting the expression of DNA damage‑
associated genes.

Conclusion Our findings reveal that metformin could inhibit T cell senescence in terms of cell number, effector func‑
tion, telomerase content and gene expression in middle‑aged individuals, which may serve as a promising approach 
for preventing age‑related diseases in this population.
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Introduction
With the rapid growth of the elderly population, the 
increasing incidence of age-related diseases has gradually 
attracted attention. Accumulating evidence suggests that 
chronic, low-grade inflammation in the elderly popula-
tion, caused by the dysfunctional immune system’s inabil-
ity to effectively eliminate pathogens, contributes to the 
development of age-related diseases such as malignant 
tumors, endocrine and metabolic diseases, Alzheimer’s 
disease, atherosclerosis, and autoimmune diseases. This 
leads to increased morbidity and mortality in the elderly. 
The age-related decline in immune function is referred to 
as immunesenescence [1].

T cells play a central role in the immune response, 
including anti-tumor immunity. As individuals age, the 
number of senescent T cells increases [2]. Aged T cells 
show distinct surface markers, such as the loss of expres-
sion of costimulatory receptors CD27 and CD28, and 
high expression of CD57, KLRG-1, CD45RA. Addition-
ally, chemokine receptors CCR7 are down-regulated in 
these senescent T cells, which are located in the effec-
tor T cell population [3–5]. Cellular senescence causes 
chronic inflammation through the senescence-associated 
secretory phenotype (SASP). Senescent T cells have high 
levels of intracellular granules and secrete inflammatory 
cytokines, such as IFN-γ and TNF-α, after short-term 
activation [6, 7]. T cell senescence is associated with low 
proliferative activity due to the loss of telomerase activ-
ity and telomere shortening [8, 9]. Some epidemiological 
studies have found an increase in telomere shortening in 
individuals with age-related diseases [10]. Senescent T 
cells with the shortest telomeres are usually found within 
the CD27-CD28- population [11]. These T cells display 
multiple characteristics of senescence, including high 
levels of ROS, low proliferative activity, DNA damage, 
and cell cycle arrest [9, 12].

Metformin is a first-line drug for the treatment of type 
2 diabetes. It exhibits hypoglycemic effects and has been 
proven to have additional properties like anti-cancer 
effects and the prevention and treatment of aging-related 
disorders [13, 14], as well as the inhibition of inflammag-
ing [15]. While the role of metformin in the immune 
system has received significant attention, little is known 
about its immunomodulatory effects on senescent T 
cells.

In this study, we observed that the middle-aged sub-
ject had the highest proportion of senescent T cells 
among different age groups. We found that metformin 
could decrease the number of CD8 + senescent T cells. 
Additionally, metformin affects the secretion of SASP, 
inhibiting the production of IFN-γ in CD8 + senescent 
T cells. Metformin treatment restrained the production 
of the proinflammatory cytokine IL-6 in lymphocytes. 

Metformin had minimal effects on Granzyme B secre-
tion in senescent T cells, it promoted the production of 
TNF-α in senescent T cells. Furthermore, metformin 
increased the concentration of telomerase and the fre-
quency of undifferentiated T cells. The results of RNA-
seq showed that metformin promoted the expression of 
genes related to stemness and telomerase activity, while 
inhibiting the expression of DNA damage-associated 
genes. Overall, our findings reveal that metformin could 
inhibit T cell senescence in terms of cell number, effec-
tor function, telomerase content and gene expression in 
middle-aged individuals, which may serve as a promis-
ing approach for preventing age-related diseases in this 
population.

Results
The highest frequency of CD8 + senescent T cells 
in middle‑age population
Age-related increases in senescent cells were previously 
believed to be associated with increased susceptibility to 
tumors, infectious diseases, and poor responses to vac-
cination [16]. In fact, middle-aged people are thought to 
be more likely to experience chronic fatigue under multi-
ple stresses, which can easily induce inflammatory states 
and abnormal immune responses to antigens [17]. We 
analyzed clinical samples from Sun Yat-sen University 
First Affiliated Hospital over the past six years and found 
that the proportion of lung cancer patients increased 
significantly in the middle-aged age group compared to 
the young and elderly groups (Table  1) (Supplementary 
Fig. 1a). The distribution of senescent T cells in the mid-
dle-aged population is still unclear.

To determine the difference in the number of senes-
cent T cells in the middle-aged group compared to 
the young and elderly groups, we recruited 88 healthy 
donors, PBMCs from the 88 donors between the ages 
of 26 and 86  years, we divided our donors into three 
groups, young group (< 45  years old,mean age = 34.1), 
middle-age group (45–65  years old,mean age = 54.13) 
and elderly group (> 65  years old,mean age = 75.57) [18]. 

Table 1  Lung cancer patient samples from The First Affiliated 
Hospital of Sun Yat‑sen University over the past six years 
(n = 4498)

* Ordinary one-way ANOVA test; Level of significance: p < 0.05

Variable Male Female Total p*

N N N

Age

 < 45 205 381 586 < 0.0001

 45–65 1206 1524 2730

 > 65 630 552 1182
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All donors were HIV negative and free of cancer and 
other infection diseases. Mononuclear lymphocytes 
were shown by representative flow cytometry analysis 
of CD3 + CD8 + /CD4 + CD45RA + CCR7-CD27-CD28-
CD57 + KLRG1 + expression indicating frequency of 
senescent T cells (Fig. 1a); The frequency of CD8 + senes-
cent T cells (24.26 ± 3.563, N = 34) was significant increase 

in middle-aged group compare to the young group 
(10.36 ± 1.186, N = 26) and elderly group( 13.64 ± 1.177, 
N = 28) (p = 0.017, p = 0.0115) (Fig.  1b), similar results 
were observed in CD4 + senescent T cell subsets 
(p = 0.0329,Fig.  1c) ( young:1.075 ± 0.2275 N = 26; mid-
dle:1.564 ± 0.3059 N = 34;elderly: 0.7812 ± 0.1327 N = 28) 
and the proportion of CD8 + senescent T cells was higher 

Fig. 1 The highest frequency of CD8 + senescent T cells in middle‑age population was analyzed by FACS. a Representative flow 
cytometric analyses of senescent T cells (CD3 + CD45RA + CCR7‑CD27‑CD28‑CD57 + KLRG1 +) in CD8 and CD4 T cells (top quadrant) 
and representative flow cytometric analyses of CD27‑CD28‑CD57 + KLRG1 + subsets, gated on CD3 + CD4 + /CD8 + CD45RO + CCR7‑(Tem) 
population (bottom quadrant). The frequency of CD8 + senescent T cells (b) and CD4 + senescent T cells (c) at young group, middle‑age 
group and elderly group. The percentage of CD57 + KLRG1 + expression on CD3 + CD8 + CD45RO + CCR7‑CD27‑CD28‑population (d) 
and CD3 + CD4 + CD45RO + CCR7‑CD27‑CD28‑population (e) at different age groups. Expressed as the mean ± SEM. *P < 0.05, **P < 0.01; Mann– 
Whitney test (two‑tailed) and nonpaired Student’s t‑test. Tem, effector memory T cell
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than that of CD4 + T cell at each age group (p < 0.001, 
Supplementary Fig. 1b). Senescent T cell originated from 
effector T cells (Teff) which were at the end stage of T cell 
differentiation. We observed that middle-aged people had 
the most abundant effector T cells in CD8 + T cell popula-
tion (Supplementary Fig. 1c). Additionally, we found that 
the frequency of CD8 + Teff cells was higher than that of 
CD4 + Teff cells at different age group (p < 0.05, p < 0.001, 
Supplementary Fig. 1d).

As the thymus gradually shrinks with age, the number 
of naïve T cells decrease while memory T cells increase 
[19]. Based on the differentiation pattern of T cells in 
peripheral lymphoid organs as against the antigen, mem-
ory T cells differentiated into effector T cells [20]. The 
composition of CD27-CD28-CD57 + KLRG1 + subsets in 
CD3 + CD45RO + /CD45RA-CCR7- population was ana-
lyzed to determine whether the precursors of senescent 
T cells are present in effector memory T cell (Tem) cells 
(Fig.  1a). It was found that although the proportion of 
Tem cells was highest in the elderly group (Supplemen-
tary Fig.  1c), the frequency of CD57 + KLRG1 + double 
positive cells from CD8 + CD45RO + /CD45RA-
CCR7-CD27-CD28- was still the highest in the mid-
dle-aged group (young: 12.66 ± 1.439 N = 26; middle: 
21.74 ± 3.794 N = 34; elderly: 11.15 ± 1.422 N = 28) 
(p = 0.0494, p = 0.0187, Fig.  1d). The proportion of 
CD4 +  CD45RO +  /CD45R A-CCR7-CD27-CD28-
CD57 + KLRG1 + T cells was roughly the same across 
the different age groups (Fig.  1e). Additionally, more 
CD57 + KLRG1 + subsets were observed in CD8 + T cells 
than in CD4 + T cells within the Tem subsets (Fig. 1d, e). 
However, the number of CD4 + Tem was higher than that 
of CD8 + Tem across age groups (p < 0.05, p < 0.001, Sup-
plementary Fig. 1e).

These results indicate that the frequency of senescent T 
cells was highest in the middle-aged group, and the pro-
portion of CD8 + senescent T cells was higher than that 
of CD4 + senescent T cells. Furthermore, the proportion 
of Tem cells with senescent T cell phenotype was highest 
in the middle-aged group.

The number of senescent T cells significantly reduced 
with Metformin treatment
It is important to reduce senescent T cells through 
interventions to prevent the occurrence of age-related 
diseases, especially tumors. Metformin not only has a 
hypoglycemic effect but also plays a role in anti-tumor 
and anti-aging [21, 22]. There is little evidence support-
ing the modulation of T cell senescence by metformin. 
To investigate the effect of metformin on senescent T 
cells, PBMCs derived from a middle-aged population 
were treated with different concentrations of metformin 

in vitro: 0 mM, 5 mM, 10 mM, and 20 mM. The results 
showed that treatment with 5  mM metformin had no 
significant effect on senescent T cells (Supplementary 
Fig.  2a). The number of senescent T cells significantly 
decreased after treatment with 10  mM metformin 
(from 47.29% to 34.3%, with a 27.5% inhibition rate) 
(p < 0.001, Supplementary Fig.  2a). The frequency of 
CD8 + senescent T cells also decreased with 20  mM 
metformin treatment (from 36.3% to 22%, with a 39.4% 
inhibition rate) (p = 0.004, Fig.  2a, b). Therefore, a met-
formin concentration of 20 mM was determined for the 
subsequent research. Similar inhibition was observed 
in subsets of CD8 + CD45RO + CCR7-CD27-CD28-
CD57 + KLRG1 + cells from Tem cells (p = 0.0005, Fig. 2a, 
c, Supplementary Fig.  2b). Our findings show that met-
formin could reduce the frequency of senescent T cells in 
middle-aged populations.

Metformin reduces the secretion of IFN‑γ 
in CD8 + senescent T cells
SASP (senescence-associated secretory phenotype, SASP) 
secreted by senescent T cells could be harmful to neigh-
boring healthy cells and even induce senescence [7]. IFN-γ 
is highly expressed in senescent T cells [23]. To investi-
gate whether metformin inhibits the production of IFN-
γ, PBMCs from the middle-aged group were treated with 
20 mM metformin for 24 h. There was no significant dif-
ference in the production of IFN-γ from CD8 + senescent 
T cells between the metformin treatment and control 
groups (Fig.  3a, b); however, compared with the con-
trol group, the average fluorescence intensity (MFI) of 
IFN-γ in CD8 + senescent T cells in the treatment group 
was significantly decreased (P < 0.01, Fig.  3c). Moreover, 
the frequency of CD3 + CD8 + CD45RA + CCR7-CD27- 
CD28- CD57 + KLRG1 + IFN-γ + T cells in lymphocytes 
decreased after metformin treatment (p = 0.064, Fig.  3d). 
For non-senescent T cells (CD3 + CD8 + CD45RA + CCR7-
CD27-CD28-CD57-KLRG1-), the production of IFN-γ 
increased with metformin treatment (P < 0.001, Fig. 3e, f ). 
Similar results were observed in CD4 + T cells (Supplemen-
tary Fig. 3a, b).

Studies have revealed that capacity of proliferation 
on CD57 + T cells was seriously impaired, and CD57 
is considered as the best marker of cellular senescence 
[24]. We analyzed the differences between CD57- and 
CD57 + T cell subsets. More IFN-γ production in 
CD3 + CD8 + CD45RA + CCR7-CD27-CD28-CD57 + T 
cells than in CD3 + CD8 + CD45RA + CCR7-CD27-
CD28-CD57-T cells was observed (P < 0.001, Fig. 3g, h).

Together, these results indicate that metformin inhibits 
the secretion of IFN-γ in senescent T cells but does not 
down-regulate IFN-γ production in non-senescent T cells.
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Metformin inhibit proinflammatory cytokine IL‑6 
production
IL-6 is one of the SASP factors that are present in vari-
ous types of senescent cells during aging [25]. This 
cytokine is primarily secreted by innate immune cells, 
such as monocytes and dendritic cells (DC) [26]. To 
identify whether metformin inhibit IL-6 production, 
we analyzed the secretion of IL-6 in CD3-negative cells 
from the peripheral blood of middle-aged subjects. The 
results showed that the percentage of IL-6 producers 
in the control group was 3.8% in CD3-cells, whereas 
it was only 1% in CD3-cells with metformin treat-
ment. Additionally, the levels of IL-6 expression (MFI) 
in CD3- cells were significantly decreased upon met-
formin treatment (P < 0.001, Fig. 4a). We also compared 

the frequency of IL-6-producing CD3-CD57- T cells 
with that of CD3-CD57 + T cells, and found that the 
former had a higher frequency (P < 0.001, Fig.  4b). 
CD57, recognized as a surface marker of replicative 
senescence in T cells, is also expressed on maturing 
NK cells [27]. However, it remains unclear whether 
CD3-CD57 + cells exhibit a cellular senescent as well 
as CD3 + CD57 + T cells. we examined that the fre-
quencies of IL-6-producing cells were reduced in 
both CD3-CD57 + cells (P < 0.001, Fig.  4c) and CD3-
CD57- cells with metformin treatment compared to 
the control group (P < 0.001, Fig. 4d). Similarly, a small 
proportion of IL-6-producing cells was observed in 
CD3 + CD8 + /CD4 + T cells, and metformin treatment 
led to a decrease in the levels of IL-6 production. This 

Fig. 2 The number of CD8 + senescent T cells in middle‑age group decreased significantly after metformin treatment. (a) Frequency 
of CD3 + CD8 + CD45RA + /CD45RO + CCR7‑CD27‑CD28‑ cells which gated on CD3 + CD8 + T cells treated with the different concentrations 
of metformin (0 mM, 5 mM, 10 mM or 20 mM). Quantification of the percentage of CD8 + senescent T cells derived from Teff cells 
(CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + KLRG1 +) (b) and Tem cells (CD8 + CDR45RO + CCR7‑CD27‑CD28‑CD57 + KLRG1 +) (c) 
at middle‑age group with 20 mM metformin treatment. Expressed as the mean ± SEM. ***P < 0.001; Mann–Whitney test (two‑tailed) and paired 
Student’s t‑test. Teff, effector T cells; Tem, effector memory T cells; Met(‑), control; Met( +), 20 mM metformin treatment
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consistent decrease was also observed at the MFI levels 
of IL-6 (P < 0.05, Supplementary Fig. 4a, b).

Taken together, our functional analysis suggests 
that CD3-CD57- cells have a greater capacity to pro-
duce IL-6 than CD3-CD57 + cells, and that metformin 
reduces IL-6 production in both CD3- cells and T cells.

Metformin has little impact on Granzyme B secretion 
in senescent T cells
Cytotoxic T cells (CTLs) and Natural Killer cells (NK) are 
responsible for producing Granzyme B (GB), which medi-
ates cytotoxicity and kills target cells, senescent T cells 
express high levels of GB [4]. In this study, we investigated 
the effect of metformin treatment on GB production. 
Our findings indicate that metformin treatment leads to 

Fig. 3 Metformin reduces the secretion of IFN‑γ in CD8 + senescent T cells. Representative flow histogram of IFN‑γ production 
by CD8 + senescent T cells (CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + KLRG1 +) (a) and non‑ senescent T cells 
(CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57‑KLRG1‑) (e) in the control group and the 20 mM Met treatment group relative to the unstimulated 
controls from middle‑age subjects. Analysis of IFN‑γ‑secreting CD8 + senescent T cells (b) and MFI of IFN‑γ in CD8 + senescent T cells (c) with 20 mM 
metformin treatment. d Frequency of CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + KLRG1 + IFN‑γ + T cells in lymphocytes with Met 
treatment and control. f Percentage and MFI of IFN‑γ in CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57‑KLRG1‑ T cells with Met treatment 
and control. g Representative flow histogram of IFN‑γ secretion by CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + /CD57‑ population relative 
to the unstimulated controls from middle‑age donors. h Percentage and MFI of IFN‑γ in CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + / 
CD57‑ population. Expressed as the mean ± SEM. **P < 0.01, ***P < 0.001; Paired t test. Met, metformin
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an increase in GB production (P < 0.05, Fig. 5a, b), while 
there was no significant difference of MFI (Fig.  5b) and 
the expression of GB in CD3 + CD8 + CD45RA + CCR7-
CD27-CD28-CD57 + KLRG1 + T cells from lymphocytes 
between the metformin treatment and control groups 
(Fig.  5c). In non-senescent T cells, no significant differ-
ences in GB production were observed with metformin 
treatment (Fig. 5d, e), although there is an increasing ten-
dency of frequency of CD3 + CD8 + CD45RA + CCR7-
CD27-CD28-CD57-KLRG1-GB + T cells in lymphocytes 
compared to the control group (Fig.  5f ). Interestingly, 
our results demonstrate that CD3 + CD57 + T cells, when 
compared to CD3 + CD57-T cell populations, secrete 
higher levels of GB (Fig.  5g, h). Overall, our findings 

suggest that metformin has little impact on Granzyme B 
secretion in senescent T cells.

Metformin promotes the production of TNF‑α 
in senescence T cells
TNF-α, tumor necrosis factor α, is an effective pro-
inflammatory cytokine that plays a crucial role in the 
maintenance and homeostasis of the immune system, 
inflammation, and host defense. High concentrations 
of TNF-α can contribute to various pathological pro-
cesses, including inflammaging, autoimmune diseases, 
and tumors. It has been observed that senescent T cells 
also secrete high levels of TNF-α [4, 28, 29]. After inter-
vention with Metformin, an increased tendency in TNF-α 

Fig. 4 Metformin inhibited the production of proinflammatory cytokine IL‑6 in CD3 negative cells. Representative flow analysis of IL‑6 production 
and MFI level in CD3‑ cells (a), CD3‑CD57 + cells (c) and CD3‑CD57‑ cells (d) between 20 mM Met treatment and control for 24 h in middle age 
group. Representative flow analysis of IL‑6 production and MFI in CD3‑CD57 + and CD3‑CD57‑ population (b). Expressed as the mean ± SEM. 
***P < 0.001; Paired t test. Met, metformin



Page 8 of 15Yang et al. Immunity & Ageing           (2023) 20:73 

secretion from CD8 + senescent T cells was observed 
when compared to the control group (Fig.  6a). The fre-
quency of CD3 + CD8 + CD45RA + CCR7-CD27-CD28-
CD57 + KLRG1 + TNF-α + T cells in lymphocytes also 
significantly increased (p < 0.01, Fig.  6b). Similar results 
were observed in CD3 + CD8 + CD45RA + CCR7-CD27-
CD28-CD57-KLRG1-T cells (p < 0.01, Fig. 6c). As expected, 
CD8 + CD45RA + CCR7-CD27-CD28-CD57 + T cell 

subsets secreted significantly more TNF-α compared 
to the CD57- subgroup (p < 0.01, Fig.  6d). Additionally, 
CD4 + senescent T cells showed an increased tendency 
in TNF-α production with metformin treatment (Sup-
plementary Fig.  5a). However, there was no difference in 
TNF-α production in CD3 + CD4 + CD45RA + CCR7-
CD27-CD28-CD57-KLRG1- T cells with metformin 
treatment (supplementary Fig. 5b); instead, the frequency 

Fig. 5 The effect of Metformin on GB secretion. Representative flow histogram of GB secretion 
by CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + KLRG1 + (a) and CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57‑KLRG1‑ (d) in the control 
group and the 20 mM Met treatment group relative to the unstimulated controls group from middle‑age donors. Analysis of GB production 
in CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + KLRG1 + (b) / CD57‑KLRG1‑ (e) T cells, cultured with 0 mM or 20 mM metformin for 24 h 
in the middle age group. The proportion of CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + KLRG1 + GB + (c) and CD57‑KLRG1‑GB + (f) T cells 
in lymphocytes with metformin treatment compare to control group. g Representative flow histogram of GB secretion by CD3 + CD57 + and 
CD3 + CD57‑T cells relative to the unstimulated controls group in middle‑age donors. h Percentage and MFI of GB in CD3 + CD57 + and 
CD3 + CD57‑T cells. Expressed as the mean ± SEM. *P < 0.05; Paired t test. Met, metformin
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of CD3 + CD4 + CD45RA + CCR7-CD27-CD28-CD57-
KLRG1-TNF-α + T cells in lymphocytes significantly 
decreased (p < 0.05, Supplementary Fig.  5c). Overall, our 
results demonstrate that metformin promotes the produc-
tion of TNF-α in senescent T cells.

Metformin increased the telomerase concentration 
and the frequency of undifferentiated T cells
Telomere, a DNA–protein complex located at the end 
of chromosomes, plays a crucial role in maintaining 
chromosome stability. However, during cell divisions, 
the length of telomeres naturally decreases, ultimately 
leading to cell aging, death, or cancer [8]. Telomerase, 

an enzyme with reverse transcription activity, is 
responsible for synthesizing telomeric DNA and pre-
serving the length of telomeres [8]. As T cells age, 
telomeres shorten and telomerase activity decreases, 
resulting in the loss of their proliferative ability [8]. 
Our above results indicate that metformin is able to 
reduce the number of senescent T cells, whether it has 
an effect on telomerase is still unclear. We collected the 
supernatant of PBMCs that were cultured with 20 mM 
metformin for 24 h in the middle-aged group and meas-
ured telomerase concentration using an enzyme-linked 
immunosorbent assay (ELISA). The results showed that 
the telomerase concentration in the control group was 

Fig. 6 Metformin promotes the production of TNF‑α in senescence T cells. Analysis of TNF‑α‑secreting cells from CD8 + senescent T cells 
(CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + KLRG1 +) (a) and CD3 + CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57‑KLRG1‑T cells (c) in the control 
group and the 20 mM Met treatment group in middle‑age group. b The frequency of TNF‑α + CD8 + senescent T cells in lymphocytes 
between the control and Met treatment group. d Representative flow histogram of TNF‑α in CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + /CD57‑T cell 
and the percentage and MFI of TNF‑α in CD8 + CD45RA + CCR7‑CD27‑CD28‑CD57 + /CD57‑T cell. Expressed as the mean ± SEM. **P < 0.01; Paired t 
test. Met, metformin
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0.71  ng/ml (0.71 ± 0.07, N = 28). However, with met-
formin treatment, the concentration of telomerase 
increased to 1.33  ng/ml (1.33 ± 0.24 N = 28) (P < 0.05, 
Fig.  7a). Immunosenescence is characterized by an 
increase in aged T cells and a decrease in naive T cells 
which possess stemness [10]. Consistent with previous 
studies, our results also revealed a lower proportion of 
CD8 + Tn (CD3 + CD8 + CD45RA + CCR7 +) cells in 
the elderly group (3%) compared to the middle-aged 
group (6%) and the young group (9%) (P < 0.05, Supple-
mentary Fig. 6). Surprisingly, metformin increased the 
frequency of undifferentiated T cells (CD3 + CD4 + /
CD8 + CD45RA + CCR7 + CD27 + CD28 +) (P < 0.05, 
Fig.  7b, c). These findings suggest that the increased 
telomerase concentration and number of undifferenti-
ated T cells induced by metformin may contribute to 
its anti-aging effects.

Metformin promoted the expression of genes related 
to stemness and telomerase activity, inhibited 
the expression of β‑galactosidase (SA‑β‑Gal) and DNA 
damage associated genes
To provide a detailed characterization of cellular senes-
cence, including senescence-associated β-galactosidase 
(SA-β-Gal) production, telomere shortening, decreased 
telomerase activity, and increased DNA damage, cell 
cycle arrest [12, 30], we conducted RNA-sequencing on 
PBMCs obtained from three middle-aged subjects. The 
cells were treated with metformin or served as control 
groups to examine the effects.

There were 26,089 differentially expressed genes 
(DEGs) co-expressed between the group treated with 
metformin and the control group; additionally, there 
were 2,694 specifically expressed DEGs in the met-
formin treatment group and 3,844 in the control group 
(Fig.  8a). To characterize the transcriptomic changes 

between metformin treatment and the control group, 
DEGs were displayed using a volcano plot (Fig. 8b) and 
expression heatmap (Fig. 8c). The gene GLB1, which is 
associated with SA-β-Gal, was significantly decreased 
in the metformin-treated group compared with the 
control group (Fig.  8b, c). DNA damage-associated 
genes, including CDKN1A, CHEK2, E2F2, NBN, and 
GADD45G [31–34], were downregulated with met-
formin treatment (Fig. 8c). In contrast, metformin pro-
moted the expression of cyclin-related genes CCNG1 
and CCND2 (Fig.  8b, c). Consistent with ELISA data 
from telomerase studies, the expression of ATM, ATR 
[35], PRKCQ [36], and MYC [10] mRNA was sig-
nificantly elevated in the metformin treatment group 
(Fig.  8c). DEGs revealed increased expression of 
TCF7, SELL, CD28, CD27 [37], genes associated with 
stemness (Fig.  8b-d), which is consistent with flow 
cytometry analysis where the frequencies of undif-
ferentiated T cells were significantly increased in the 
metformin treatment group (Fig.  7b, c).  A detailed 
analysis of the DEGs was performed by the functional 
annotation of Gene Ontology (GO), which showed 
enrichment for a highly diverse array of biological pro-
cesses consistent with the change of cytokine secretion 
with metformin treatment. Biological processes related 
to lymphocyte proliferation were upregulated, such as 
interleukin-2 (IL-2) and interleukin-4 (IL-4); however, 
SASP-associated biological processes, such as IL-6, 
IL-8, IL-1, TNF, and IFN-γ production, were decreased 
with metformin treatment (Fig. 8e). These results sup-
ported that metformin promoted the expression of 
genes related to stemness and telomerase activity, but 
inhibited the expression of cellular senescence-related 
genes.

Fig. 7 Metformin increased the telomerase concentration and the undifferentiated T cells. a The concentration of telomerase in medium (ng/
ml) was analyzed in PBMCs with 20 mM Metformin treatment and control at middle age group, examined by ELISA. The flow cytometric analysis 
the frequency of CD3 + CD4 + CD45RA + CCR7 + CD27 + CD28 + (b) and CD3 + CD8 + CD45RA + CCR7 + CD27 + CD28 + (c) T cells in lymphocytes 
between the metformin treatment and control. Expressed as the mean ± SEM. *P < 0.05, **P < 0.01; Mann–Whitney test (two‑tailed) and paired 
Student’s t‑test. ELISA, Enzyme‑linked immunosorbent assay. Met (‑), control; Met ( +),20 mM metformin treatment
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Discussion
The aim of this study is to explore the inhibition of cel-
lular senescence in T cells with metformin treatment. We 
examined the frequency of senescent T cells across differ-
ent age groups, and observed that the middle-aged group 
(45–65  years old) had a higher number of senescent 
T cells compared to the elderly group (> 65  years old), 
which has not been previously reported. Our findings are 
inconsistent with the proposal that the number of senes-
cent cells increases with age [38].  Whether the high-
est proportion of aged T cells in the middle-aged group 
leads to the decline of immune function requires further 
examination. Similarly, we observed that the incidence 
of lung cancer was the highest in the middle-aged group. 

This could be related to the higher number of senescent 
T cells in this group. Accumulating evidence suggests 
that senescent T cells are associated with promotion of 
tumorigenesis and progression [39]. The elevated lev-
els of SASP by senescent T cells, such as IL-6, IL-8, and 
IL-18, promote tumor development and suppress anti-
tumor immunity, regulating the tumor microenviron-
ment through proinflammatory and anti-inflammatory 
cytokines [40].

It has been reported that metformin has anti-aging and 
anti-inflammatory properties. In our study, we treated 
PBMCs from the middle age group with metformin. Our 
findings demonstrated that metformin could decrease 
the frequency of CD8 + senescent T cells and affect the 
secretion of SASP, metformin inhibits the secretion of 

Fig. 8 The RNA ‑seq analysis of gene expression associated with T cell senescence with metformin treatment. a Venn diagram portraying 
the intersections and disjunctive unions of differentially expressed genes in metformin treatment group (green) and control group (gray). 
b The Volcano Plot showed the overall distribution of genes with up‑regulated expression (green), down‑regulated expression (dark gray) 
and no significant difference (light gray) in the metformin treatment group compared to the control group. c Expression heatmap of a selection 
of senescence‑ and stemness‑associated genes in PBMCs from metformin treatment group and control group at middle‑age subjects (n = 3). 
Data are represented as Z‑scores. d Representative genome browser visualizations of normalized reads at indicated gene loci in PBMCs 
from a representative donor before and after metformin treatment. e The chart portrayed a selection of biological process, from GO functional 
enrichment analysis, which were up‑regulated and down‑regulated with metformin treatment. All the above RNA sequencing datas came 
from three independent donors and three independent experiments
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IFN-γ in CD8 + senescent T cells, suggesting its poten-
tial role in alleviating chronic inflammation and SASP 
production by aged T cells [41]. Importantly, metformin 
has no effect on the IFN-γ production of non-senescent 
T cells, indicating its ability to preserve the anti-tumor 
and anti-viral effects of T cells. However, the specific 
mechanism of action remains unclear and requires fur-
ther investigation. Additionally, Interleukin-6 (IL-6) is 
acknowledged as one of the most versatile cytokines. IL-6 
is involved in immunomodulatory responses and the 
development, proliferation, and differentiation of multi-
ple cell types [26]. It is believed that IL-6 promotes the 
occurrence and development of tumors as a proinflam-
matory cytokine [42]. IL-6 is mainly secreted by innate 
immune cells and is produced less frequently in T cells. 
Our results showed that metformin reduces IL-6 produc-
tion in both CD3 negative cells and T cells in PBMCs and 
thus reduce the source of SASP. TNF-α is involved in the 
maintenance and homeostasis of the immune system, 
inflammation, and host defense [28, 29]. However, in the 
elderly, TNF-α can participate in a variety of pathologi-
cal processes, such as inflammaging, autoimmunity, and 
cancer [43]. According to our results, metformin inter-
vention promoted the expression of TNF-α in both aged 
T cell subsets and non-aged T cell subsets. This may be 
a side effect of metformin, and attention should be paid 
to the different responses of individuals during its clinical 
application as an anti-aging treatment.

The inability of T cells to proliferate is partially caused 
by telomere erosion and loss of telomerase activity. The 
length of telomeres will be shortened with an increase in 
the count of cell divisions, guaranteeing the stable and 
intact presence of DNA and genetic information in cells 
[8]. With increasing age, senescent T cells gradually accu-
mulate, and their telomeres shorten, causing a decrease 
in telomerase activity and a loss of their proliferative 
ability [8]. Additionally, the expression of costimulatory 
receptors CD27 and CD28 also declines in senescent T 
cells. It has been demonstrated that the CD28 costimula-
tory signal plays a crucial role in telomerase induction in 
human T cells, and the loss of these surface markers may 
result in decreased telomerase activity [44]. Our results 
suggest that metformin increases the concentration of 
telomerase and the frequency of undifferentiated T cells 
(CD3 + CD4 + /CD8 + CD45RA + CCR7 + CD27 + CD2
8 +), which may mediate the anti-aging effects. A limita-
tion of this study is that the length of telomeres in aged T 
cells with metformin treatment was not examined due to 
the limited number of T cells. The relationship between 
the increased concentration of telomerase and telomer-
ase activity should be confirmed in future research. RNA 
sequencing results show a decrease in the expression of 
SA-β-Gal associated genes with metformin treatment, 

and future studies will be performed at the protein level. 
Further studies will be conducted to investigate the effect 
of metformin on the energy metabolism of senescent T 
cells.

Conclusions
In this study, we present evidence that metformin exerts 
an anti-aging effect on senescent T cells. Immunosenes-
cence, especially the senescence of T cells, can lead to the 
dysfunction of immune function and the occurrence of 
aging diseases. We found that the middle-aged group had 
more senescent T cells than the elderly group; Metformin 
plays an anti-aging role by reducing the number of senes-
cent T cells, reducing the production of SASP, and pro-
moting the increase of telomerase and the number of 
stem T cells. The significance of our study is to expand 
the scope of clinical application of metformin by inhibit-
ing immune senescence, and to provide theoretical sup-
port for its existing clinical applications.

Materials and methods
Ethics statement
Written informed consent was obtained from all donors. 
Ethics approval for this study was obtained from the eth-
ics committees of the Zhong Shan Medical School, Sun 
Yat-San University (Guangzhou, China) and First Affili-
ated Hospital of Sun Yat-San University (Guangzhou, 
China).

Study participants
In total, 88 healthy donors were enrolled from the 
First Affiliated Hospital of Sun Yet-San University of 
Guang Zhou, China, divided into three group: 26 young 
donors (mean age = 34.1), 34 middle-aged donors (mean 
age = 54.13), and 28 elderly donors (mean age = 75.57). 
All donors, recruited for blood collection, were HIV 
negative, HBV negative, HCV negative and free of cancer 
and other infection diseases. Four thousand four hundred 
ninety-eight lung cancer cases from Sun Yat-sen Univer-
sity First Affiliated Hospital over the past six years (2017–
2023) were used for Clinical retrospective analysis.

Preparation of PBMCs
PBMCs were isolated by Ficoll-Hypaque (Tian Jin Hao 
Yang Biological Manufacture, China; cat.LTS1077) gra-
dient centrifugation of sodium heparin-blood obtained 
from HDs. PBMCs were resuspended in complete RPMI 
1640 medium (GIBCO, cat.C11875500BT) supplemented 
with 10% Foetal Bovine Serum (Biological Industries, 
cat.04–011-1ACS), 1% Penicillin–Streptomycin (GIBCO, 
cat.15140–122).
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Flow cytometry
Phenotypic characterization
PBMCs which cultured with 0 mmol, 5 mmol, 10 mmol 
or 20 mmol metformin (GLPBIO, cat. GC60245) at 37℃ 
for 24  h were stained for phenotypic analyses. The fol-
lowing panel of mouse anti-human mAbs was used: 
APC.cy7-conjugated anti-CD3 (TONBO biosciences, 
25–0038-T100), Percp.cy5.5-conjugated anti-CD8 
(TONBO biosciences, 65–0088-7100), PE.Cyanine7-
conjugated anti-CD8 (BD Pharmingen, 557746), Alexa 
Fluor 700-conjugated anti-CD45RA (BD Pharmingen, 
560673), Brilliant Violet 510-conjugated anti-CCR7 (Bio-
legend, 353232), FITC-conjugated anti-CD28 (TONBO 
biosciences, 35–0289-T025), PE-conjugated anti-CD28 
(Biolegend, 302907), APC-conjugated anti-CD27 (eBio-
science, 17–0279-42), Percp.cy5.5-conjugated anti-CD27 
(BD biosciences, 560612), Pacific Blue-conjugated anti-
CD57 (Biolegend, 359607), Super Bright 600-conjugated 
anti-KLRG1 (eBioscience, 63–9488-42).

Cytokines staining
After metformin treatment, PBMCs were incubated at 
2 ×  106 cells per well in RP10 media (RPMI, 10% Foetal 
Bovine Serum, 1% Penicillin–Streptomycin) alone or 
with 1X Cell Stimulation Cocktail (TONBO biosciences, 
cat.TNB-4975-UL100) for 4–6 h at 37℃. Cells were then 
harvested and intracellular stained according to the pro-
tocol of eBioscience Intracellular Fixation & Permeabi-
lization Buffer Set (eBioscience, cat.88–8824-00). The 
following panel of mouse anti-human mAbs was used: 
APC-conjugated anti-IFN-γ (BD Pharmingen, 554702), 
APC-conjugated anti-TNF-α (eBioscience, 17–7349-82), 
PE-conjugated anti-Granzyme B (eBioscience, 12–8899-
41), PE-conjugated anti-IL-6 (Biolegend, 501106). All 
samples were collected on FACSAria II BD (Mountain 
View, CA, USA). Data were analyzed using Flow Jo soft-
ware (Tree Star, San Carlos, CA, USA).

Human telomerase enzyme linked immunosorbent assay
A commercial ELISA kit (ELK Biotechnology, cat. 
ELK8668) was used to test the telomerase concentration 
in medium of PBMCs with metformin treatment or con-
trol. The assay procedures were performed according to 
the manufacturer’s instructions. The concentration of tel-
omerase was determined by the mean optical density of 
450 nm, and a standard curve was fitted with Polynomial 
Curve Fitting.

RNA‑seq
The quality and purity of RNA from middle-age donors 
(n = 3) were examined by a NanoDrop™ One/OneC spec-
trophotometer (Thermo Scientific, Waltham, MA, USA) 

and Life Invitrogen Qubit RNA BR (Broad-Range) Assay 
Kit. RNA integrity was analyzed using Agilent 4200 
TapeStation system (Agilent, Santa Clara, CA, USA). 
The NEBNext® Poly(A) mRNA Magnetic Isolation Mod-
ule and NEBNext® Ultra™ II mRNA Library Prep Kit for 
Illumina® were used for mRNA isolation and library con-
struction following the manufacturers’ protocols. High-
throughput transcriptome sequencing was performed 
on an Illumina NovaSeq 6000 platform according to the 
manufacturer’s instructions. FASTQ files were aligned 
to the version 19 of the human reference genome (hg19) 
using HISAT2. Reads per exon (hg19) were quantified 
using HTseq. Differential expression analysis was per-
formed with DESeq2 and edegR. ClusterProfier was used 
for gene functional enrichment annotation.

Statistical analysis
Statistical analysis was performed on the GraphPad 
Prism software version 5. The Mann–Whitney test (two-
tailed) and non-paired Student’s t-test or paired Student’s 
t-test were performed to determine the statistical differ-
ences in the two groups. A value of P < 0.05 was consid-
ered statistically significant.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12979‑ 023‑ 00394‑0.

Additional file 1: Supplementary Figure 1. The composition of T cell 
subsets at different age groups. (a)The proportion of lung cancer patients 
at different ages from Sun Yat‑sen University First Affiliated Hospital 
from 2017‑2023 (n=4498). The frequency of senescent T cells (b), Teff 
cells (CD3+CD45RA+CCR7‑) (d) and Tem cells (CD3+CD45RO+CCR7‑) 
(e) in CD8+T cells and CD4+T cells at different age groups. (c) Pie 
charts depicting the events of Tn (CD3+CD45RA+CCR7+), Tcm 
(CD3+CD45RO+CCR7+), Tem and Teff cell subsets of CD8+ and CD4+T 
cells from different age groups. Expressed as the mean ± SEM. *P < 0.05, 
**P < 0.01, ***P < 0.001; Mann– Whitney test (two‑tailed) and nonpaired 
Student’s t‑test. Tn, naïve T cell; Teff, effector T cell; Tem, effector memory T 
cell; Tcm, central memory T cell. Young, young‑age group; Middle, middle‑
age group; old, elderly group.

Additional file 2: Supplementary Figure 2. The different con‑
centration of metformin treatment on PBMCs from middle‑aged 
group. The frequency of CD27‑CD28‑CD57+KLRG1+T cells from Teff 
(CD3+CD8+CD45RA+CCR7‑) (a) and Tem (CD3+CD8+CD45RO+CCR7‑) 
(b), treated with 0mM, 5mM or 10mM for 24 hours at middle age group. 
Expressed as the mean ± SEM. ***P < 0.001; paired t test. Teff, effector T 
cells; Tem, effector memory T cells.

Additional file 3: Supplementary Figure 3. The effect on IFN‑γ produc‑
tion in CD4+senescent T cells with metformin treatment. Representa‑
tive flow histogram of IFN‑γ production by CD4+ senescent T cells 
(CD3+CD4+CD45RA+CCR7‑CD27‑CD28‑CD57+KLRG1+) (a) and non‑ 
senescent T cells (CD3+CD4+CD45RA+CCR7‑CD27‑CD28‑CD57‑KLRG1‑) 
(b) between the control and the 20mM Metformin treatment group 
relative to the unstimulated controls from middle‑age donors. Quantifica‑
tion of the frequency of IFN‑γ‑expressing cells and the plot of IFN‑γ‑MFI 
in senescent T cells (a) and non‑senescent T cell population (b) from 
CD4+T cells. Expressed as the mean ± SEM. **P < 0.01; Paired t test. Met, 
metformin.

https://doi.org/10.1186/s12979-023-00394-0
https://doi.org/10.1186/s12979-023-00394-0
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Additional file 4: Supplementary Figure 4. IL‑6 secretion in CD8+ and 
CD4+T cells was inhibited by Metformin. Analysis of IL‑6 production in 
CD8+T cells (a) and CD4+T cells (b), PBMCs cultured with 0 or 20mM Met 
for 24 hours in middle age group. Expressed as the mean ± SEM. *P < 0.05, 
***P < 0.001; Paired t test. Met, metformin.

Additional file 5: Supplementary Figure 5. The effect of met‑
formin treatment on the production of TNF‑a in CD4+senescent 
T cells. Analysis of TNF‑α‑secreting from CD4+senescence T 
cells (CD3+CD4+CD45RA+CCR7‑CD27‑CD28‑CD57+KLRG1+) 
(a) and CD3+CD4+CD45RA+CCR7‑CD27‑CD28‑CD57‑KLRG1‑
T cells (b) with 20mM metformin treatment. (c)The frequency of 
CD3+CD4+CD45RA+CCR7‑CD27‑CD28‑CD57‑KLRG1‑TNF‑α+ in lympho‑
cytes with or not metformin treatment. Expressed as the mean ± SEM. *P 
< 0.05; Paired t test. Met, metformin.

Additional file 6: Supplementary Figure 6. The distribution of naïve 
T cells (CD3+CD4+/CD8+CD45RA+CCR7+) at different age groups. 
Expressed as the mean ± SEM. *P < 0.05, ***P < 0.001; Mann–Whitney test 
(two‑tailed) and unpaired Student’s t‑test. Young, young age group; Mid‑
dle, middle age group; Old, elderly group; Tn, naïve T cell.
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