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Pioglitazone hydrochloride (PGZ), a nuclear receptor peroxisome proliferator-activated receptor gamma (PPAR-γ) agonist, is a
universally adopted oral agent for the treatment of type 2 diabetes (T2D). Previous studies reported that PGZ could ameliorate the
symptoms of aging-related diseases and Alzheimer’s disease. However, whether PGZ participates in aging regulation and the
underlying mechanism remain undetermined. Here, we found that PGZ significantly prolonged the lifespan and healthspan of
Caenorhabditis elegans (C. elegans). We found that a variety of age-related pathways and age-related genes are required for PGZ-
induced lifespan extension. The transcription factors DAF-16/FOXO, HSF-1, and SKN-1/NRF2, as well as the nuclear receptors
DAF-12 and NHR-49, all functioned in the survival advantage conferred by PGZ. Moreover, our results demonstrated that PGZ
induced lifespan extension through the inhibition of insulin/insulin-like signaling (IIS) and reproductive signaling pathways, as
well as the activation of dietary restriction- (DR-) related pathways. Additionally, our results also indicated that beneficial longevity
mediated by PGZ is linked to its antioxidative activity. Our research may provide a basis for further research on PGZ, as an anti-
T2D drug, to interfere with aging and reduce the incidence of age-related diseases in diabetic patients.

1. Introduction

Aging is an inevitable biological process that is often accom-
panied by gradual disorders of the body’s homeostasis, a
decrease in physiological function, an increase in the risk
of disease, and an increase in mortality [1]. In humans
and most model organisms, aging is always accompanied
by a higher incidence of some diseases, such as cancer,

hypertension, type 2 diabetes, Alzheimer’s disease, and
Parkinson’s disease, which lead to large social and economic
burdens [1]. Given the urgent need for interventions to pro-
mote healthy aging, drugs that can lengthen lifespan and
healthspan present a high putative value. To date, several
drugs have been identified as having a potential antiaging
effect, including pharmaceutical drugs (i.e., metformin [2]
and aspirin [3]), natural molecules (i.e., resveratrol [4] and
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urolithin A [5]), and synthetic compounds (i.e., JZL184 [6]
and TES991 [7]). However, pharmaceutical drugs, due to
their long-term clinical application, have relatively few and
well-known side effects; therefore, they have great value in
the development of potential antiaging drugs.

Pioglitazone hydrochloride (PGZ), which is a peroxi-
some proliferator-activated receptor gamma (PPAR-γ) ago-
nist, is widely used as an oral drug for the treatment of
hyperglycemia in type 2 diabetes. As an antidiabetic drug
that has been identified to have antiaging effects, one of
the most well-known drugs is metformin [8], in addition
to acarbose [9]. However, the question of whether, and if
so how, PGZ as an antidiabetic drug plays a role in lifespan
extension remains unanswered. Recently, a study in animal
models showed that PGZ can ameliorate learning and
memory impairment in a mouse Alzheimer’s disease model
[10], suggesting that PGZ may have potential antiaging
effects. Another study in Drosophila reported that PGZ
had antiaging properties [11]. However, there has not been
an in-depth investigation into the underlying molecular
mechanism by which PGZ confers a survival advantage in
a published study.

In this study, we used Caenorhabditis elegans (C. elegans)
as a model to investigate the mechanism of delaying aging
induced by PGZ. The free-living soil nematode C. elegans
is an excellent and robust model organism for studying the
mechanism of aging due to its short lifespan, genetic tracta-
bility, and conserved developmental programs. Most impor-
tantly, aging studies in C. elegans have provided a wealth of
information about the mechanisms of longevity regulation,
such as the insulin/insulin-like signaling (IIS) pathway, die-
tary restriction (DR), mitochondrial function, autophagy,
and the unfolded protein response (UPR), which are evolu-
tionally conserved among different species, from yeast to
vertebrates [12, 13]. In this work, we found that PGZ signif-
icantly prolonged the lifespan and healthspan of C. elegans
through inhibition of IIS and the reproductive signaling
pathway and activation of the DR-like signaling pathway in
an AMPK-dependent manner, thereby activating the tran-
scription factors DAF-16/FOXO, HSF-1, and SKN-1/NRF2,
as well as the nuclear receptors DAF-12 and NHR-49.

2. Results

2.1. PGZ Lengthens the Lifespan and Healthspan of C.
elegans. To investigate whether PGZ (Figure 1(a)) plays a
role in lifespan regulation, we treated adult worms with var-
ious concentrations of PGZ and conducted survival analyses.
Our results showed that diverse concentrations of PGZ were
capable of increasing the lifespan of C. elegans (Figures 1(b)
and 1(c)), while 0.5mM PGZ exhibited the greatest and
most robust lifespan extension effect (Figures 1(b) and
1(c)). Therefore, 0.5mM was the concentration used in all
subsequent experiments.

Lifespan extension is not always related to vitality. To
assess whether PGZ also promotes the healthspan of C. ele-
gans, we detected the effect of PGZ on body movement,
which was characterized as a parameter associated with
aging [14]. We found that PGZ could significantly extend

the period of fast movement of worms by 17.42%, suggesting
that PGZ could also lengthen the healthspan of C. elegans
(Figure 1(d)). According to the above results, we concluded
that PGZ significantly prolonged the lifespan and healthspan
of C. elegans, with the concentration of 0.5mM displaying
the greatest extension effect.

2.2. PGZ-Induced Lifespan Extension Depends on the IIS
Pathway. We next asked whether any and which commonly
known aging pathways mediated lifespan extension induced
by PGZ. Since PGZ is a peroxisome proliferator-activated
receptor gamma (PPAR-γ) agonist, nuclear receptor PPARα
homolog NHR-49 may be important for its lifespan-
extending effects [15]. We first determined the role of NHR-
49 in PGZ-induced lifespan extension. The results showed that
impairment of NHR-49 abolished the lifespan extension
induced by PGZ, suggesting that NHR-49 is necessary for
the longevity-promoting effect of PGZ (Figure 2(a)).

Considering PGZ is the most common drug for T2D, we
investigated the role of the IIS pathway, which is well known
to regulate lifespan in different species [12]. We analyzed the
roles of daf-2 (a well-known insulin-like receptor) and akt-1
(a kinase downstream of daf-2) in the survival advantage
induced by PGZ. The results showed that treatment with
0.5mM PGZ failed to further increase the lifespan of the
daf-2 and akt-1 mutants (Figures 2(b) and 2(c)). In C. ele-
gans, the insulin receptor DAF-2 regulates the activity of
PI3K/AGE-1 and then activates the downstream kinases,
PDK-1 and AKT-1/2, to control the transcription factor
DAF-16/FOXO, thereby regulating longevity [16, 17]. Simi-
lar to the results of daf-2 and akt-1 mutants, daf-16 mutants
were also unresponsive to PGZ (Figure 2(d)). Moreover, we
also found that PGZ treatment increased the endogenous
mRNA levels of DAF-16 target genes, including sod-1, sod-
3, ctl-1, and dod-3 [16] (Figure 2(e)). In addition, SOD-3
expression levels were shown to be increased using a worm
strain expressing SOD-3p::GFP (Figures 2(f)–2(h)). Conse-
quently, these results illustrated that the longevity-
promoting effect of PGZ might be mediated by inhibiting
the IIS pathway, subsequently activating the transcription
factor DAF-16 and promoting the transcription of its target
genes.

2.3. The Effect of PGZ on Lifespan Extension Was Conferred
by the Transcription Factors HSF-1 and SKN-1. In addition
to DAF-16, the well-known and crucial longevity tran-
scription factors acting downstream of the IIS pathway
also include HSF-1 and SKN-1 [18, 19]. To determine
whether PGZ regulated the IIS pathway in an HSF-1-,
SKN-1-, or both-dependent manner, we tested the effects
of 0.5mM PGZ on hsf-1(sy441) and skn-1(zu67) mutants.
The results showed that, similar to that of daf-16 mutants,
the survival advantages induced by PGZ were abrogated in
hsf-1(sy441) (Figure 3(a)) and skn-1(zu67) mutants
(Figure 3(b)). Moreover, the mRNA levels of the target
genes of SKN-1 (gst-4) [20] and HSF-1 (hsp-1, hsp-12.6,
hsp-16.1, and hsp-70) [19] were significantly elevated in
the WT animals treated with PGZ compared with the
nontreatment control (Figure 3(c)). Additionally, we also
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detected that the GFP fluorescence intensity of transgenic
strain GST-4::GFP was considerably elevated when animals
were exposed to 0.5mM PGZ compared with the nontreat-
ment control (Figures 3(e) and 3(f)). Altogether, these
results demonstrated that the transcription factors SKN-1
and HSF-1 contributed to the survival advantage caused
by PGZ, which might act downstream of daf-2.

SKN-1, an NRF2 ortholog, is a key oxidative stress
response transcription factor that activates antioxidant and
phase II detoxification genes to regulate longevity [21].
DAF-16 is a central transcription factor that responds to dif-
ferent types of stress, such as inducing the expression of
gene-related oxidative stress (i.e., superoxide dismutase
(SOD)) to achieve resistance to oxidative stress [16]. Given
the involvement of the transcription factors SKN-1 and
DAF-16 in the longevity effects of PGZ, we asked whether
the longevity effect caused by PGZ is linked to antioxidant
activity. We measured the intracellular ROS accumulation
levels using 2′,7′-dichlorodihydrofluorescein diacetate
(H2DCF-DA), a free radical sensor that is deacetylated by
intracellular esterases that then emits detectable fluorescence
signals to present the level of intracellular ROS [22]. Our
results showed that PGZ treatment obviously decreased the
level of ROS compared with the nontreatment control
(Figure 3(d)). Supporting the result of ROS reduction, our
previous results showed that PGZ upregulated the expres-

sion levels of sod-1 and sod-3, which are members of an
important class of antioxidant genes, superoxide dismutases,
which convert superoxide into hydrogen peroxide. Accord-
ingly, these results indicated that lifespan extension induced
by PGZ might be associated with its antioxidative activity.

2.4. PGZ Extends the Lifespan of C. elegans by Regulating
DR-Like and Reproductive Signaling Pathways. Lifespan
extension induced by PGZ is dependent on DAF-16, a cen-
tral longevity regulator that is downstream of several
kinases, such as AMP-activated kinase (AMPK), in addition
to the aforementioned AKT-1 in the IIS pathway. It has been
reported that in C. elegans, the constitutive activation of
AMPK increases animal longevity and stress resistance in a
DAF-16-dependent manner [23]. AMPK is also a therapeu-
tic target of the well-known antidiabetic drug metformin
[24]. We thus detected whether PGZ activates DAF-16 to
extend the lifespan due to the induction of AMPK activity.
We found that the longevity effect induced by PGZ was
blocked with the loss of function of aak-2, a homolog of
the catalytic α subunit of AMPK (AMPKa2) in C. elegans
[25] (Figure 4(a)).

In C. elegans, AMPK is a well-known central energy
metabolism regulator that is activated under low-energy
conditions and is necessary for lifespan extension caused
by DR [17, 26]. DR is a conservative life-prolonging
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Figure 1: PGZ extends the lifespan of C. elegans. (a) Chemical structure of PGZ. (b) Survival curves of wild-type N2 worms exposed to
increasing concentrations of PGZ (0.1-2mM). (c) Dose-dependent analyses of the effect of PGZ on the lifespan of C. elegans. Error bars
represent the SD. Mean ± SD of the percentage of lifespan extension from independent experiments (means ± SD; ∗∗∗p < 0:001, ∗∗p <
0:01, and NS (not significant); Student’s t-test). Lifespan was calculated with the Kaplan-Meier test, and p values were calculated
using the log-rank test. Experiments were repeated at least twice, and detailed lifespan values were summarized in Supplementary
Table S1. (d) Age-related movements of worms treated with 0.5mM PGZ and those of untreated controls (means ± SD; n ≥ 30;
∗∗∗p < 0:05; Student’s t-test).
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intervention that can regulate the expression of a series of
antioxidant enzyme genes, thereby prolonging lifespan
[27]. Both AMPK and DAF-16 respond to DR-induced
longevity, reminding us that DR-related mechanisms also
play a role in PGZ-induced lifespan extension. Therefore,
we determined the effect of PGZ on the lifespan of the
eat-2 mutant, which is a model that simulates DR by
reducing food intake due to damage to the pharyngeal

pump. Indeed, we found that impairment of eat-2 expres-
sion completely abrogated the survival advantage induced
by PGZ (Figure 4(b)), suggesting that PGZ might, at least
in part, promote an increased lifespan by regulating DR-
related signaling pathways.

In addition to insulin and DR-related signaling path-
ways, the activation of NHR-49, DAF-16, and SKN-1 by
PGZ is reminiscent of the mechanism regulated in the
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Figure 2: The effect of PGZ on lifespan extension depends on the IIS pathway. (a–d) Lifespan analyses of nhr-49(gk405) (a), daf-2(e1370)
(b), akt-1(mg144) (c), and daf-16(mu86) (d) mutant worms treated with or without 0.5mM PGZ (p value by the log-rank test). (e) mRNA
levels of daf-16 target genes (sod-1, sod-3, ctl-1, and dod-3) in WT animals with or without PGZ treatment (means ± SD; n = 3; ∗p < 0:05 and
∗∗p < 0:01; Student’s t-test). (f) Western blot analyses of SOD-3p::GFP in worms treated with or without 0.5mM PGZ. Actin was shown as
the loading control. (g) Imaging of fluorescence in the transgenic strain CF1553 (SOD-3p::GFP) (representative of three experiments) and
(h) respective quantitative results for at least 30 worms per condition (means ± SD; n ≥ 30; ∗∗∗p < 0:001; Student’s t-test).
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reproductive signaling pathway. In C. elegans, it has been
reported that removing the germline can significantly
lengthen lifespan by approximately 60% by regulating the
transcription factors NHR-49, DAF-16, and SKN-1, at least
in part [28, 29]. We assessed the effect of PGZ on the long-
lived glp-1(e2144) mutant, a temperature-sensitive mutant
that is long-lived when maintained at nonpermissive tem-
peratures due to failed germline proliferation. Our results
showed that PGZ failed to further extend the lifespan of
glp-1 mutants (Figure 4(c)). Furthermore, we also found

that the longevity benefit of PGZ was abolished in short-
lived daf-12(rh61rh411) mutants (Figure 4(d)). DAF-12, a
nuclear steroid receptor, is a crucial regulator downstream
of the reproductive signaling pathway and functions in life-
span regulation caused by germline loss in C. elegans [30].
Likewise, we detected a significant increase in the expres-
sion of the target genes of DAF-12 (fard-1, lips-17, and
cdr-6) [31] when WT worms were exposed to 0.5mM
PGZ compared with the control (Figure 4(e)). In summary,
these findings illustrated that the survival advantage of PGZ
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Figure 3: The effect of PGZ on lifespan extension depends on the transcription factors SKN-1/NRF2 and HSF-1. (a, b) Survival analyses of
hsf-1(sy441) (a) and skn-1(zu67) (b) mutants exposed to 0.5mM PGZ compared with the untreated control. (c) qPCR analyses of the mRNA
levels of the target genes of hsf-1 (hsp-1, hsp-12.6, hsp-16.1, and hsp-70) and skn-1 (gst-4). (d) Quantitation of intracellular levels of ROS in
animals treated with PGZ, PQ, and NAC and nontreated controls. PQ represents paraquat, and NAC is the abbreviation for N-acetyl
cysteine. (e, f) Image and quantitation of GFP fluorescence in the transgenic strain CL2166 (GST-4p::GFP). Data were the means ± SD; n
≥ 30; ∗∗p < 0:01 and ∗∗∗p < 0:001; Student’s t-test.
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is mediated through regulating the reproductive signaling
pathway in an NHR-49-, DAF-16-, SKN-1-, and DAF-12-
dependent manner.

2.5. A Mitochondrial Stress Response May Be Dispensable for
the Survival Advantage Induced by PGZ. Given the antioxi-
dant activity of PGZ contributing to its lifespan benefit in
C. elegans, it is well known that ROS are generated as a
byproduct of normal metabolism in the mitochondria

[32, 33]. Several lines of evidence have demonstrated that
inhibition of mitochondrial function leads to lifespan
extension due to reduced oxygen consumption and ROS
generation [34]. These findings motivated us to question
whether mitochondrial function participates in PGZ-
induced lifespan benefits. Using two long-lived mitochon-
drial dysfunctional mutants, isp-1, a Rieske iron-sulfur pro-
tein of mitochondrial respiratory chain complex III [35],
and clk-1, an ortholog of human COQ7 (coenzyme Q7,
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Figure 4: PGZ-induced lifespan extension depends on its regulation of DR-like and reproductive signaling pathways. (a–d) Survival
analyses of aak-2(ok524) (a), eat-2(ad1116) (b), glp-1(e2144) (c), and daf-12(rh61rh411) (d) mutants treated with or without 0.5mM
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hydroxylase) [36], we found that PGZ could extend the
lifespan of these mutants (Figures 5(a) and 5(b)), suggest-
ing that a mitochondrial stress response was not necessary
for the survival advantage induced by PGZ.

3. Materials and Methods

3.1. Nematode Strains and Maintenance. C. elegans strains
were maintained on nematode growth medium (NGM) plates
with Escherichia coli (E. coli) OP50 at 20°C as previously
described [37]. For all experiments, synchronized populations
were generated through a standard bleaching protocol. The
following strains were used in this study: wild-type N2,
CF1038 daf-16(mu86) I, EU1 skn-1(zu67) IV, CB1370 daf-
2(e1370) III, PS3551 hsf-1(sy441) I, CF1903 glp-1(e2144) III,
MQ887 isp-1(qm150) IV, CB4876 clk-1(e2519) III, DA1116
eat-2(ad1116) II, AA86 daf-12(rh61rh411) X, GR1310 akt-
1(mg144) V, RB754 aak-2(ok524) X, VC870 nhr-49(gk405) I,
CF1553 muIs84 [(pAD76)sod-3p::GFP+rol-6(su1006)], and
CL2166 dvIs19 [(pAF15)gst-4p::GFP::NLS]. The strains used
in this study were provided by the Caenorhabditis Genetics
Center (University of Minnesota), which is supported by the
NIH NCRR.

All compounds used in this work were purchased from
Sigma-Aldrich (Munich, Germany). PGZ and NAC were
dissolved in water. All NGM plates with compounds were
equilibrated overnight before use. Before conducting the
corresponding experiments, worms were cultured on NGM
plates with E. coli OP50 for 2-3 generations without
starvation.

3.2. Lifespan Assays. Lifespan assays were performed with a
standard protocol as previously described [38]. Briefly,
approximately 100 young adult worms were transferred to
fresh plates containing the respective concentrations of
compounds and 10µM 5-fluoro-2′-deoxyuridine (FUdR,
Sigma) to prevent offspring. For CF1903, a temperature-
sensitive mutant, during survival analysis, L1 CF1903
worms were incubated at 20°C for 12h, transferred to
25°C until young adulthood to eliminate germline develop-
ment, and then returned to 20°C for the remainder of the
lifespan. For survival analyses, heat-inactivated bacteria
were used to prevent the metabolism of compounds by bac-
teria. During survival analyses, the animals were transferred
to fresh plates every other day to ensure drug potency.
Death events were scored daily. Statistical analyses were
carried out using SPSS software. p values were calculated
by the log-rank test, and p < 0:05 was accepted as statisti-
cally significant. The experiment was repeated at least three
times. The mean, SEM, p value, and lifespan value are sum-
marized in Supplementary Table S1.

3.3. Period of Fast Body Movement Assays. The period of fast
body movement assays was performed as described previ-
ously [39]. Briefly, at least 100 young adults were transferred
to fresh plates with or without compounds and maintained
as described in the lifespan assay. The movement of nema-
todes was scored daily. When tapping plates, the worms
moving in a continuous, coordinated sinusoidal way were

characterized as fast movement; otherwise, the worms were
defined as a nonfast movement.

3.4. Fluorescence Microscopic Imaging. The measurement of
the GFP fluorescence intensity of C. elegans was conducted
as previously described [40]. The activities of GST-4::GFP
and SOD::GFP were analyzed using transgenic strains
CL2166 and CF1553, respectively. For CL2166 and
CF1553, synchronized late L4 larvae were treated with or
without 0.5mM PGZ for 12h. Then, the animals were trans-
ferred to 2% agarose pads after paralyzing them using 10µM
levamisole and were imaged using a Nikon Ti2-U epifluores-
cence microscope with a 20x air objective. Images were ana-
lyzed using ImageJ software. More than 30 worms were used
for each experiment. Statistical analyses were performed
using GraphPad Prism, and the p value was calculated using
a two-tailed Student’s t-test.

3.5. Detection of Intracellular Reactive Oxygen Species (ROS)
Accumulation. The levels of endogenous reactive oxygen
species (ROS) were measured using 2′,7 ′-dichlorodihydro-
fluorescein diacetate (H2DCF-DA) as previously described
[41]. Briefly, synchronized L1 larvae were spread onto plates
with the respective compound until they reached the young
adult stage. Then, the animals were transferred to plates with
10 µM 2′,7′-dichlorodihydrofluorescein diacetate (H2DCF-
DA) and cultured for 1 h to visualize endogenous ROS. Here,
H2DCF-DA was spread, plated through mixing with live
OP50, and maintained at a final concentration of 10µM.
Imaging statistical analyses were performed using the same
protocol as used for the fluorescence analyses.

3.6. Quantitative RT-PCR Assay. Animals were synchroni-
cally raised on plates with or without PGZ at 20°C as
described for the lifespan analyses. Total RNA was isolated
from young adult-stage worms using RNAiso Plus (Takara)
based on the phenol-chloroform extraction method [42].
Afterwards, purified RNA was synthesized into cDNA using
a reverse transcription kit (Takara). qRT-PCR experiments
were performed using SYBR Select Master Mix (RK21203,
ABclonal) on a CFX96 real-time system (Bio-Rad). Data
were analyzed with Bio-Rad CFX Manager 3.1 software
using the comparative ΔΔCq method after normalization
to the reference gene cdc-42. p values were calculated using
a two-tailed Student’s t-test. The gene-specific primers used
in this study are summarized in Supplementary Table S2
(Supplemental files). For each experiment, independent
biological triplicates were conducted.

3.7. Western Blot Analyses. Animals maintained as described
in fluorescence intensity analyses of CF1553 were collected
with the M9 buffer. Animals were then lysed in the RIPA
buffer by trituration twice using a TissueLyser at 75Hz
for 6min at 4°C and centrifuged at 10000 g at 4°C. RIPA
samples were quantified with a BCA Protein Assay Kit
and boiled at 95°C for 5min. Proteins were separated using
SDS-PAGE and transferred to nitrocellulose membranes.
The membranes were blocked in milk and then incubated
with the primary antibody against GFP (1 : 5000, Roche,
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11814460001) or actin (1 : 5000, Sigma, A1978). The pri-
mary antibody was visualized using the horseradish
peroxidase-conjugated anti-mouse secondary antibody
(1 : 2000) and ECL Western Blotting Substrate.

4. Discussion

Aging is a complex and irreversible degradation process that
occurs in various tissues and organs of the body and can be
manifested by factors such as lifespan, sports vitality, and
reproductive ability. Accumulating lines of evidence have
demonstrated that aging is always accompanied by risks of
diverse chronic diseases, including cardiovascular diseases,
neurodegenerative disorders, diabetes, and multiple cancers
[1, 43, 44]. As the global aged population increased in abun-
dance, it has brought a serious economic burden to society.

Therefore, understanding the mechanism of aging and com-
bating its effects, as well as finding antiaging drugs, have
become urgent problems to be solved. It has been reported
that either pharmacologic or genetic intervention can pro-
long lifespan and ameliorate aging-related diseases [45].
For example, DR is a well-known antiaging mechanism that
can modulate conserved cellular and physiological pathways
in different species, from yeast to humans, to alleviate aging
and aging-related diseases [43]. However, it is a great chal-
lenge for most people to perform DR due to severe hunger
and irritability. Therefore, pharmacological interference is
undoubtedly a more practical choice to delay aging.

Considering that diabetes is a chronic disease that
accompanies aging, some antidiabetic drugs have been
developed into potential antiaging drugs, such as metformin
and acarbose, and their antiaging effects and potential
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corresponding molecular mechanisms have been elucidated
in model organisms [2, 9]. In this work, we confirmed that
another common drug for the treatment of T2D, PGZ, could
extend lifespan in a remarkable way. We found that most
aging pathways were involved in lifespan extension medi-
ated by PGZ, including IIS signaling, DR-like signaling,
and reproductive signaling pathways. Furthermore, we
found that several transcription factors, including DAF-16,
HSF-1, and SKN-1, contributed to the survival advantage
induced by PGZ. Consequently, these observations are puz-
zling, as they indicate that PGZ triggers many of the well-
known longevity genes and pathways (Figure 5(c)).

The administration of metformin, a first-line drug for
the treatment of T2D, has been found to have antiaging
effects in a variety of model organisms, including C. elegans
and mice [8, 46–48]. In C. elegans, several different mecha-
nisms have been identified for metformin’s lifespan exten-
sion effect. For example, metformin may regulate DR-like
mechanisms in an AMPK-dependent manner [24]. Further-
more, alteration of bacterial metabolism has been shown to
contribute to regulating aging [48]. Other studies have
reported that metformin inhibits the mTORC1 pathway to
influence lifespan [2, 47]. For the antidiabetic drug PGZ,
we found that it has a similar effect to metformin in prolong-
ing the lifespan of C. elegans and a similar aging regulation
mechanism (i.e., AMPK); however, we also found other
mechanisms distinct from metformin regulation, such as
the IIS and reproductive signaling pathways. Moreover, we
also observed the antioxidative activity of PGZ. To support
our findings, previous studies reported that lifespan exten-
sion due to inhibition of IIS and activation of AMPK was
associated with reducing ROS levels [49, 50]. Likewise,
researchers found that DAF-16 acts as a central regulator
that receives signals upstream, such as DAF-2 and AMPK,
and cooperates with other transcription factors (i.e., xenobi-
otic and oxidative response factor SKN-1) to form a network
to regulate aging [51]. Therefore, a reduction in insulin sig-
naling or activation of AMPK can induce one or both of the
transcription factors DAF-16 and SKN-1, subsequently
upregulating various antioxidant genes to quench the ROS
level [50]. This evidence and our results seem to indicate
mechanisms for the PGZ-induced lifespan benefit; that is,
PGZ activated oxidative stress-related signaling, including
inhibiting the IIS pathway and activating AMPK, thereby
activating downstream transcription factors such as DAF-
16, HSF-1, and SKN-1, ultimately resulting in an enhanced
lifespan. It is worth noting that the regulation of reproduc-
tive signaling pathways by PGZ might be unrelated to its
antioxidant activity because previous studies have found that
long-lived glp-1 mutants exhibit an increase in ROS levels
rather than a decrease [52].

In summary, in this work, we found that PGZ could
significantly delay the aging of wild-type worms, and the
IIS, DR-like, and reproductive signaling pathways might
all be involved in its regulatory mechanism. This is the first
work to show that PGZ can extend the lifespan of C. ele-
gans. This work will provide a basis for the development
of PGZ as a new drug to potentially delay aging and treat
aging-related diseases.
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