
T helper 17 cells: A new actor on the stage of
type 2 diabetes and aging?

In the late 1980s, Mosmann and Coff-
man1 proposed the T helper 1 cell (Th1)
and Th2 cell theory. Th1 cells produce
interferon-c, and induce CD8+ cytotoxic
T cells and macrophages to fight against
intracellular pathogens (cell-mediated
immunity), whereas Th2 cells produce
interleukin-4 (IL-4), IL-5, IL-10 and IL-
13, and stimulate B cells to become
plasma cells to secrete antibodies against
extracellular pathogens, such as parasites
(humoral immunity). In contrast, dysreg-
ulated T-cell responses trigger autoim-
mune and chronic inflammatory diseases.
For example, uncontrolled Th2 cell
responses induce asthma2, and abnormal
Th1 cells responses contribute to the
pathogenesis of psoriasis3 and inflamma-
tory bowel disease4.
However, many complicated immune

situations cannot be simply explained by
the Th1/Th2 model. The discovery of
new T helper cell subsets, including T
regulatory cells (Tregs) and Th17 cells
resolved many previously unexplained
phenomena5. Th17 cells are characterized
by the production of IL-17, IL-21 and
IL-23, and can mobilize neutrophils to
defend against extracellular bacteria and
some fungi6. Tregs are immunosuppres-
sive, and suppress the induction and pro-
liferation of effector T cells. Tregs
produce a number of inhibitory cytokines
including transforming growth factor
beta, IL-10 and IL-35. Tregs also induce
apoptosis of effector cells, directly interact
with dendritic cells to suppress immune
reaction and suppress effector T cells
through interaction with cytotoxic
T lymphocyte-associated protein 46,7.

Obesity status is characterized by
increased infiltration of M1 macrophages,
neutrophils, Th1 cells, CD8+ T cells,
immunoglobulin G-secreting B cells and
mast cells, whereas lean status is charac-
terized by infiltration of eosinophils,
Tregs, Th2 cells, M2 macrophages,
immunoglobulin M-secreting B cells and
type 2 innate lymphoid cells, an innate
lymphoid cell mimicking Th2 cells8,9. In
obesity status, adipose tissues composed
up to 40% immune cells of the entire cell
population. The recruitment of inflam-
matory cells in obese adipose tissue is
possibly mediated by fatty acids from
lipolysis and lipopolysaccharide from gut
pathogens. Both fatty acids and
lipopolysaccharide bind the Toll-like
receptor 4 to trigger a pro-inflammatory
response. In addition, hypoxia due to
expansion of adipose tissue in obesity
status leads to necrosis of adipocytes,
which might attract macrophage infiltra-
tion (‘crown-like necrosis’)10.
The ‘classically activated’ M1 macro-

phages are induced by interferon-c, and
secrete IL-6, IL-1b, and tumor necrosis
factor-a. In contrast, the ‘alternatively
activated’ M2 macrophages participate in
tissue repair and inflammation resolution,
and secrete anti-inflammatory cytokines,
including IL-4, IL-13, IL-10 and
arginase 1. Lymphocytes account for
10% of non-adipocyte cells in adipose tis-
sue and are often present in the sur-
rounding necrotic adipocytes. Transgenic
mice models and human observational
studies showed that Th1 cells, CD8+

T cells, B cells and mast cells provoke a
pro-inflammatory response in adipose
tissue, whereas Th2 cells, Tregs, eosino-
phils and type 2 innate lymphoid cells
suppress an inflammatory response in
adipose tissue8,9.
In steady state, Th17 cells reside nearly

exclusively in the barrier of the intestine,

skin and lung. Th17 cells show greater
plasticity than other immune cells; that
is, they can change their phenotypes
more easily on stimulation. Th17 cells
have been implicated in the pathogenesis
of many autoimmune diseases, including
multiple sclerosis, psoriasis, inflammatory
bowel disease, rheumatoid arthritis and
type 1 diabetes. IL-17-deficiency in non-
obese diabetic mice delayed the onset of
diabetes and decreased the severity of
insulitis11. In addition, transplant of
highly purified Th17 cells into non-obese
diabetic/severe combined immunodefi-
ciency mice accelerates the onset of dia-
betes12.
How about the role of Th17 cells in

type 2 diabetes? IL-17 knockout mice are
more insulin sensitive and glucose intol-
erant than controls13. IL-17 knockout
mice also have elevated serum adiponec-
tin, and reduced serum insulin and IL-
613. In addition, administration of anti-
IL-17 antibody in angiotensin II-induced
insulin-resistant mice improved insulin
resistance and glucose intolerance14.
Anti-IL-17 antibody also increased glu-
cose uptake in skeletal muscle and
enhanced adipogenesis marker gene
expression, and reduced pro-inflamma-
tory cytokine levels14. These data show
the blockade of IL-17 exerted an insulin-
sensitizing effect, probably through the
resolution of inflammation.
Furthermore, IL-17 knockout mice

showed lower blood pressure, preserved
endothelial function and decreased pro-
inflammatory cytokines in an
angiotensin II-induced hypertension
model15. IL-17 signaling also activates
Kupffer cells and hepatic stellate cells to
exacerbate liver fibrosis16. Neutralization
of IL-17 rescues amyloid-b-induced neu-
roinflammation, memory decline and
inflammatory cytokines17. The IL-17 level
is also upregulated in osteoarthritis, and
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IL-17 induced senescence of fibroblasts,
which was required for tissue repair18.
Intra-articular injection of IL-17 neutral-
izing antibody reduced joint degeneration
in an osteoarthritis model. In addition,
Th17 cells promote periodontal disease19,
the most prevalent inflammatory disease
in the world. These data suggest that IL-
17 is associated with aging-related
chronic inflammatory diseases in addi-
tion to autoimmune diseases.
Many studies showed that the induc-

tion of Th17 cells or IL-17 levels or IL-
17 tissue expression was significantly
increased in patients or mice that were
older20–24 or had diabetes25–33 compared
with young or non-diabetic patients or
mice. Bharath et al.34 carried out cyto-
kine profiling and bioinformatic analyses,

and found that Th17 cytokine production
differentiates CD4+ T cells from lean,
normoglycemic older and younger indi-
viduals, mimicking diabetes-associated
Th17 profile. Serum IL-17A, IL-17F, IL-
21 and IL-6 levels were higher in older
individuals than younger individuals,
which were reversed by metformin.
CD4+ cells from older individuals had a
higher mitochondrial respiration rate (ox-
idative phosphorylation [OXPHOS]),
proton leakage and increased reactive
oxygen species (ROS) production, but
lower mitochondrial membrane potential.
Metformin shifted the mitochondrial
energetics to glycolysis, and increased
mitochondrial membrane potential. CD4
+ cells from older individuals had more
mitochondrial mass and matrix protein

accumulation, and less autophagy as
compared with younger individuals, lead-
ing to phosphorylation of the signal
transducer and activator of transcrip-
tion 3, a transcriptional regulator of Th1
differentiation. Metformin increased
autophagy, increased mitochondrial fis-
sion and mitochondrial membrane
potential, ameliorated ROS production,
and reduced the phosphorylation of sig-
nal transducer and activator of transcrip-
tion 334. Genetic inhibition of autophagy
reverses the effect of metformin on cyto-
kine profile, mitochondrial energetics and
ROS production. Collectively, Bharath
et al.34 showed that Th17 cells activation
is associated with ‘inflammaging’, which
could be reversed by metformin through
enhanced autophagy and improved
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Figure 1 | Na€ıve T cells evolved into T helper 17 (Th17) cells on specific signals from the innate immune system and undergo extensive metabolic
rewiring. The Th17 cells secrete pro-inflammatory cytokines including interleukin (IL)-17A, IL-17F, IL-21 and IL-23, and mobilize granulocytes.
Dysregulated Th17 cells lead to a range of chronic inflammatory disorders related to ‘inflammaging’, including type 2 diabetes, hypertension,
periodontitis and osteoarthritis. Metformin improves mitochondrial function and enhances autophagy of Th17 cells from older individuals, which
might reverse its pro-inflammatory phenotypes.
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mitochondrial function. Indeed, many
studies showed that metformin triggers
autophagy35–40. These results are also
consistent with previous studies showing
that metformin suppresses the function
of Th17 cells, and shifts the balance
between Tregs and Th17 cells41–45.
Each human has approximately

100 million T cells with different subsets
that respond to a range of exogenous
and endogenous insults. Na€ıve T cells
comprised 20–50% of the total T-cell
population and reside in lymph nodes
for decades. The differentiation of na€ıve
T cells to effector T helper cells is initi-
ated by the binding of their T-cell recep-
tor with costimulatory molecules in the
presence of specific cytokines produced
by the innate immune system on differ-
ent pathogen invasion. However, na€ıve
T cells are small and quiescent with
modest energy demands, and typically
utilize glucose oxidation through
OXPHOS and fatty acid oxidation with
low levels of glycolysis46–48. On activa-
tion, the increase in cell size and rapid
cell proliferation dramatically increased
energetic and biosynthetic demands. To
meet these demands, T cells rewire their
metabolic machinery toward glycolysis,
because the rate of adenosine triphos-
phate production of glycolysis is 100-fold
faster than OXOPHOS, and glycolysis
provides building blocks for the synthesis
of lipids, proteins and nucleic acids for
cell proliferation46–48. Later, it becomes
apparent that activated T cells also
upregulate OXPHOS, and cooperate with
both glycolysis and OXPHOS to meet
the energetic and biosynthesis demands49.
Furthermore, OXPHOS-derived ROS is
required for optimal T-cell activation50,51.
This metabolic rewiring requires the acti-
vation of the mammalian target of rapa-
mycin complex 1 pathway and lipogenic
pathway. Most previous studies demon-
strate that metformin suppresses Th17
cell through activation of 5’ adenosine
monophosphate-activated protein kinase
(AMPK) pathway and subsequent inhibi-
tion of mammalian target of rapamycin
complex 1, leading to suppressed biosyn-
thesis and cell proliferation of Th17. This
is partially inconsistent with those reports

by Bharath et al.34 showing that met-
formin increases OXOPHOS and sup-
presses glycolysis in Th17 cells. The
discrepancy remains to be clarified.
In conclusion, the elegant work by

Bharath et al.34 provides a new link
between IL-17 and aging, and high-
lighted the immunosuppressive effects of
metformin through promoting autop-
hagy in Th17 cells. These data add a
new piece of evidence to the role of
Th17 cells in ‘inflammaging’-associated
chronic diseases, including type 2 dia-
betes, hypertension, dementia and peri-
odontal diseases, in addition to
previously well-known autoimmune
diseases (Figure 1).

DISCLOSURE
The authors declare no conflict of
interest.

Yi-Cheng Chang1,2,3 , Siow-Wey Hee1,
Lee-Ming Chuang1,4,5*

1Department of Internal Medicine,
National Taiwan University Hospital,
Taipei, Taiwan, 2Graduate Institute of

Medical Genomics and Proteomics,
National Taiwan University, Taipei,

Taiwan, 3Institute of Biomedical Sciences,
Academia Sinica, Taipei, Taiwan,
4Graduate Institute of Molecular

Medicine, National Taiwan University,
Taipei, Taiwan, 5Graduate Institute of

Clinical Medicine, National Taiwan
University, Taipei, Taiwan

REFERENCES
1. Mosmann TR, Coffman RL. TH1 and

TH2 cells: different patterns of
lymphokine secretion lead to different
functional properties. Annu Rev
Immunol 1989; 7: 145–173.

2. Cohn L, Elias JA, Chupp GL. Asthma:
mechanisms of disease persistence
and progression. Annu Rev Immunol
2004; 22: 789–815.

3. Lowes MA, Bowcock AM, Krueger JG.
Pathogenesis and therapy of psoriasis.
Nature 2007; 445: 866–873.

4. Bouma G, Strober W. The
immunological and genetic basis of
inflammatory bowel disease. Nat Rev
Immunol 2003; 3: 521–533.

5. Locksley RM. The roaring twenties.
Immunity 2008; 28: 437–439.

6. Ouyang W, Kolls JK, Zheng Y. The
biological functions of T helper 17
cell effector cytokines in
inflammation. Immunity 2008; 28:
454–467.

7. Eisenstein EM, Williams CB. The T
(reg)/Th17 cell balance: a
new paradigm for
autoimmunity. Pediatr Res 2009;
65(5 Pt 2): 26R–31R.

8. McLaughlin T, Ackerman SE, Shen L,
et al. Role of innate and adaptive
immunity in obesity-associated
metabolic disease. J Clin Invest 2017;
127: 5–13.

9. Kanneganti TD, Dixit VD.
Immunological complications of
obesity. Nat Immunol 2012; 13:
707–712.

10. Neels JG, Olefsky JM. Inflamed fat:
what starts the fire? J Clin Invest 2006;
116: 33–35.

11. Kuriya G, Uchida T, Akazawa S, et al.
Double deficiency in IL-17 and IFN-c
signalling significantly suppresses the
development of diabetes in the NOD
mouse. Diabetologia 2013; 56: 1773–
1780.

12. Bending D, De la Pe~na H, Veldhoen
M, et al. Highly purified Th17 cells
from BDC2.5NOD mice convert into
Th1-like cells in NOD/SCID recipient
mice. J Clin Invest 2009; 119:
565–572.

13. Z�u~niga LA, Shen WJ, Joyce-Shaikh B,
et al. IL-17 regulates adipogenesis,
glucose homeostasis, and obesity. J
Immunol 2010; 185: 6947–6959.

14. Ohshima K, Mogi M, Jing F, et al.
Roles of interleukin 17 in angiotensin
II type 1 receptor-mediated insulin
resistance. Hypertension 2012; 59:
493–499.

15. Madhur MS, Lob HE, McCann LA,
et al. Interleukin 17 promotes
angiotensin II-induced hypertension
and vascular dysfunction. Hypertension
2010; 55: 500–507.

16. Meng F, Wang K, Aoyama T, et al.
Interleukin-17 signaling in
inflammatory, Kupffer cells, and
hepatic stellate cells exacerbates liver

ª 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 12 No. 6 June 2021 911

C OMM EN T A R Y

http://wileyonlinelibrary.com/journal/jdi Th17 cells and inflammaging



fibrosis in mice. Gastroenterology
2012; 143: 765–776.e3.

17. Cristiano C, Volpicelli F, Lippiello P,
et al. Neutralization of IL-17 rescues
amyloid-b-induced
neuroinflammation and memory
impairment. Br J Pharmacol 2019; 176:
3544–3557.

18. Faust HJ, Zhang H, Han J, et al. IL-17
and immunologically induced
senescence regulate response to
injury in osteoarthritis. J Clin Invest
2020; 130: 5493–5507.

19. Abusleme L, Moutsopoulos NM. IL-17:
overview and role in oral immunity
and microbiome. Oral Dis 2017; 23:
854–865.

20. De Angulo A, Faris R, Daniel B, et al.
Age-related increase in IL-17 activates
pro-inflammatory signaling in
prostate cells. Prostate 2015; 75:
449–462.

21. Stout-Delgado HW, Du W, Shirali
AC, et al. Aging promotes
neutrophil-induced mortality by
augmenting IL-17 production during
viral infection. Cell Host Microbe
2009; 6: 446–456.

22. Schmitt V, Rink L, Uciechowski P. The
Th17/Treg balance is disturbed
during aging. Exp Gerontol 2013; 48:
1379–1386.

23. Lim MA, Lee J, Park JS, et al.
Increased Th17 differentiation in aged
mice is significantly associated with
high IL-1b level and low IL-2
expression. Exp Gerontol 2014; 49:
55–62.

24. Bektas A, Schurman SH, Sen R, et al.
Human T cell immunosenescence
and inflammation in aging. J Leukoc
Biol 2017; 102: 977–988.

25. Honkanen J, Nieminen JK, Gao R,
et al. IL-17 immunity in human type
1 diabetes. J Immunol 2010; 185:
1959–1967.

26. Zareian P, Mirzaii DI. Serum
interleukin 17 in type 2 diabetes
mellitus. J Arch Mil Med 2014; 2:
e24689.

27. Chen C, Shao Y, Wu X, et al. Elevated
interleukin-17 levels in patients with
newly diagnosed type 2 diabetes
mellitus. Biochem Physiol 2016; 5: 206.

28. Xiao E, Mattos M, Vieira GHA, et al.
Diabetes enhances IL-17 expression
and alters the oral microbiome to
increase its pathogenicity. Cell Host
Microbe 2017; 22: 120–128.e4.

29. Qiu A-W, Cao X, Zhang W-W, et al.
IL-17A is involved in diabetic
inflammatory pathogenesis by its
receptor IL-17RA. Exp Biol Med
(Maywood) 2021; 246: 57–65.

30. Jagannathan-Bogdan M, McDonnell
ME, Shin H, et al. Elevated
proinflammatory cytokine production
by a skewed T cell compartment
requires monocytes and promotes
inflammation in type 2 diabetes. J
Immunol 2011; 186: 1162–1172.

31. Zeng C, Shi X, Zhang B, et al. The
imbalance of Th17/Th1/Tregs in
patients with type 2 diabetes:
relationship with metabolic factors
and complications. J Mol Med (Berl)
2012; 90: 175–186.

32. Zhu L, Song H, Zhang L, et al.
Characterization of IL-17-producing
Treg cells in type 2 diabetes patients.
Immunol Res 2019; 67: 443–449.

33. Ip B, Cilfone NA, Belkina AC, et al.
Th17 cytokines differentiate obesity
from obesity-associated type 2
diabetes and promote TNFa
production. Obesity (Silver Spring)
2016; 24: 102–112.

34. Bharath LP, Agrawal M, McCambridge
G, et al. Metformin enhances
autophagy and normalizes
mitochondrial function to alleviate
aging-associated inflammation. Cell
Metab 2020; 32: 44–55.e6.

35. Li M, Sharma A, Yin C, et al.
Metformin ameliorates hepatic
steatosis and improves the induction
of autophagy in HFD-induced obese
mice. Mol Med Rep 2017; 16: 680–
686.

36. Teng AC, Miyake T, Yokoe S, et al.
Metformin increases degradation of
phospholamban via autophagy in
cardiomyocytes. Proc Natl Acad Sci
USA 2015; 112: 7165–7170.

37. Kanamori H, Naruse G, Yoshida A,
et al. Metformin enhances autophagy
and provides cardioprotection in d-
sarcoglycan deficiency-induced

dilated cardiomyopathy. Circ Heart
Fail 2019; 12: e005418.

38. Tomic T, Botton T, Cerezo M, et al.
Metformin inhibits melanoma
development through autophagy
and apoptosis mechanisms. Cell
Death Dis 2011; 2: e199.

39. Xie Z, Lau K, Eby B, et al.
Improvement of cardiac functions by
chronic metformin treatment is
associated with enhanced cardiac
autophagy in diabetic OVE26 mice.
Diabetes 2011; 60: 1770–1778.

40. Song YM, Lee YH, Kim JW, et al.
Metformin alleviates hepatosteatosis
by restoring SIRT1-mediated
autophagy induction via an AMP-
activated protein kinase-independent
pathway. Autophagy 2015; 11: 46–59.

41. Son HJ, Lee J, Lee SY, et al.
Metformin attenuates experimental
autoimmune arthritis through
reciprocal regulation of Th17/Treg
balance and osteoclastogenesis.
Mediators Inflamm 2014; 2014:
973986.

42. Kang KY, Kim YK, Yi H, et al.
Metformin downregulates Th17 cells
differentiation and attenuates murine
autoimmune arthritis. Int
Immunopharmacol 2013; 16: 85–92.

43. Lee SY, Lee SH, Yang EJ, et al.
Metformin ameliorates inflammatory
bowel disease by suppression of the
STAT3 signaling pathway and
regulation of the between Th17/Treg
balance. PLoS One 2015; 10:
e0135858.

44. Duan W, Ding Y, Yu X, et al.
Metformin mitigates autoimmune
insulitis by inhibiting Th1 and Th17
responses while promoting Treg
production. Am J Transl Res 2019; 11:
2393–2402.

45. Sun Y, Tian T, Gao J, et al. Metformin
ameliorates the development of
experimental autoimmune
encephalomyelitis by regulating T
helper 17 and regulatory T cells in
mice. J Neuroimmunol 2016; 292:
58–67.

46. Shen H, Shi LZ. Metabolic regulation
of TH17 cells. Mol Immunol 2019; 109:
81–87.

912 J Diabetes Investig Vol. 12 No. 6 June 2021 ª 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd

C OMMEN T A R Y

Chang et al. http://wileyonlinelibrary.com/journal/jdi



47. Barbi J, Pardoll D, Pan F. Metabolic
control of the Treg/Th17 axis.
Immunol Rev 2013; 252: 52–77.

48. Sun L, Fu J, Zhou Y. Metabolism
controls the balance of Th17/T-
regulatory cells. Front Immunol 2017;
8: 1632.

49. Fracchia KM, Walsh CM. Metabolic
mysteries of the inflammatory

response: T cell polarization and
plasticity. Int Rev Immunol 2015; 34:
3–18.

50. Previte DM, O’Connor EC, Novak EA,
et al. Reactive oxygen species are
required for driving efficient and
sustained aerobic glycolysis during
CD4+ T cell activation. PLoS One
2017; 12: e0175549.

51. Sena LA, Li S, Jairaman A, et al.
Mitochondria are required for
antigen-specific T cell activation
through reactive oxygen species
signaling. Immunity 2013; 38:
225–236.

Doi: 10.1111/jdi.13541

ª 2021 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 12 No. 6 June 2021 913

C OMM EN T A R Y

http://wileyonlinelibrary.com/journal/jdi Th17 cells and inflammaging


