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A B S T R A C T   

Activation of AMP activated protein kinase (AMPK) signaling has been demonstrated to extend lifespan and 
improve healthspan across multiple species. This suggests pharmaceutical approaches to increase AMPK hold the 
potential to modify the aging process and promote healthy aging. Beta-guanidinopropionic acid (GPA) is a 
naturally occurring metabolite structurally similar to creatine. GPA is capable of activating AMPK signaling in 
mammalian models via competitive inhibition of cytosolic creatine kinase. A previous report suggested that 
dietary GPA supplementation increased lifespan in Drosophila through its effect on AMPK signaling and regu-
lation of autophagy. However, studies in Caenorhabditis have found no beneficial effect of this compound on 
worm lifespan and that GPA may actually diminish lifespan in at least one Caenorhabditis species. To confirm 
previous reports of increased longevity in Drosophila, we tested a wide range of GPA concentrations on lifespan 
and healthspan in both male and female W1118 flies. We report here that GPA does not extend lifespan in 
Drosophila as previously reported. Moreover, high doses of GPA are detrimental to Drosophila lifespan and stress 
resistance in male flies. These results suggest the lack of a robust effect of GPA on Drosophila lifespan and 
highlight the importance of replication studies within the field of aging.   

1. Introduction 

AMP activated protein kinase (AMPK) signaling has been shown to 
play a critical role in regulation of lifespan across multiple species [1–3]. 
Thus, pharmaceutical activators of AMPK may potentially be used to 
enhance health and longevity. Among these, beta-guanidinopropionic 
acid (GPA) is a naturally occurring in vivo AMPK activator that has 
been shown to act as a competitive inhibitor of the mammalian cytosolic 
creatine kinase (cCK) [4,5] resulting in depletion of phospho-creatine 
levels, increased cellular AMP:ATP ratio, and ultimately increased 
activation of AMPK [6–8]. Previous studies have shown GPA is capable 
of improving exercise tolerance, enhancing glucose uptake, and 
increasing expression of mitochondrial oxidative enzymes [9] in rodents 
suggesting that it may hold potential for improving both lifespan and 
healthspan. 

A previous study by Yang et al. suggested that dietary supplemen-
tation of GPA at either 900 mM or 2700 mM extended lifespan in 
Drosophila in an AMPK-dependent manner [10]. This study also reported 
that GPA improved stress resistance, reduced glycolysis, and extended 
lifespan beyond that of dietary restriction. While these results support 

GPA as a pro-longevity intervention, a more recent study from the 
Caenorhabditis Intervention Testing Program (CITP) found that GPA 
delivered between 0.1 μM and 10 mM failed to increase lifespan across 
three Caenorhabditis species and across multiple sites of testing. More-
over, 300 mM GPA, a dose 3–9 times lower than the range previously 
reported as beneficial in Drosophila, significantly reduced lifespan in 
C. briggsae in these studies [11]. 

These contrasting studies raise significant questions regarding the 
conserved nature of GPA mediated alterations to lifespan and health-
span including whether the effects of GPA are specific to species, strain, 
or laboratory conditions. Here, we attempted to repeat the previously 
reported experiments with GPA in Drosophila using similar, though not 
identical, husbandry and treatment conditions. Moreover, we attempt to 
determine whether GPA mediates similar effects on lifespan and 
healthspan. We report that GPA does not improve Drosophila lifespan 
and may be detrimental to both longevity and physiological function at 
higher doses. This report serves to highlight the importance of testing 
longevity interventions at multiple sites to better understand the 
robustness of reported outcomes. 
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2. Methods 

2.1. Animal models 

For experiments with 900 mM GPA W1118 flies were provided as a 
gift from Dr. Andrew Pickering at UTHSCSA and were maintained at 
room temperature (approx. 25 ◦C) under ambient lighting (approx. 12- 
hr light cycle). This particular strain had been inbred in this local lab-
oratory for several generations. Following initial experiments in this 
local strain, we chose to use a standardized fly strain that could be ob-
tained from a central source to make it easier for others in the future to 
replicate our experiments. For experiments with 100 nM–100 mM GPA, 
W1118 flies were sourced from Bloomington Drosophila Stock Center 
(3605) and maintained at 25 ◦C under a 12-hr light cycle. All flies were 
maintained on Nutri-fly BF (Genesee Scientific). 

2.2. Drug treatment 

Beta-guanidinopropionic acid (GPA) was obtained from Henan 
Tianfu Chemical Co., LTD Zhengzhou China. Food containing 100 
nM–100 mM GPA was prepared by dissolving GPA in water and adding 
it to food (<50 ◦C) at the time of preparation. Flies were collected at 
eclosion (day 0) and allowed to mate for 3 days before treatment, n =
20/vial. 900 mM food was prepared by adding a slurry of GPA in water 
to food (<50 ◦C) and stirring to completely dissolve. Flies were collected 
24–48 h post eclosion and placed on treatment, n = 19–30/vial. All flies 
were transferred to fresh vials of food containing drug or control 3 times 
weekly. 

2.3. HPLC assessment of GPA purity 

GPA originating from Henan Tianfu Chemical Co. was dissolved in 
water at two different concentrations (0.1 and 1.0 μg/ml) and compared 
with a GPA standard purchased from Sigma-Aldrich (St. Louis, MO; 
CAT#: G6878, LOT#: BCBZ3820) dissolved in water at the same two 
concentrations. Peak areas of four samples of GPA solution from Henan 
Tianfu Chemical Co. were compared with a single sample of the 
analytical standard using a previously described HPLC/MS/MS method 
[12]. The GPA obtained from Henan Tianfu Chemical Co. was found to 
have similar purity to the analytical standard from Sigma-Aldrich (me-
dian: 102.5%, intraquartile range (IQR): 97.2-106.7%). 

2.4. Spontaneous activity 

Spontaneous activity was assessed after 50 days of treatment using 
Trikinetics Drosophila Activity Monitor (Trikinetics LAM10). Activity 
was recorded in vials of 8–11 flies (n = 3/grp) maintained at 25 ◦C under 
a 12-hr light cycle. 

2.5. Stress testing 

Flies were pretreated with 100 nM–100 mM, GPA (or not for control) 
for 7 days prior to testing as described above. H2O2 testing was carried 
out in vials containing filter paper wetted with 10% sucrose and 15% 
H2O2 in PBS. Starvation was assessed on 1.5% agar in PBS. Flies were 
maintained at room temperature for periodic monitoring. 

2.6. Statistical analysis 

Survival was analyzed by log-rank test. Activity was analyzed by 
One-way ANOVA. All analyses were performed using GraphPad Prism 8 
(GraphPad). 

3. Results 

To evaluate the effect of GPA on Drosophila lifespan we first 

attempted to reproduce the results of Yang et al. The highest concen-
tration reported in this previous study, 2700 mM GPA (354.1 g/L), was 
several times greater than the solubility limit in either water or prepared 
food and we were thus unable include it in our study. In our initial screen 
utilizing a particularly long lived W1118 line, we found 900 mM GPA 
(118 g/L) significantly decreased both male (~54%) and female (~63%) 
W1118 lifespan (Fig. 1A–B). These results are inconsistent with the study 
by Yang et al., which reported a small (~10%) increase in male and 
female lifespan with 900 mM and 2700 mM GPA. Given the apparent 
toxicity of high concentration GPA under our testing conditions, we 
instead asked if lower dosages may be beneficial. Using 100 nM, 100 μM, 
or 100 mM GPA, we found no significant effect on male or female fly 
lifespan (Fig. 2A–B). Notably, these results are consistent with the work 
by Yang et al., which reported no effect of GPA on lifespan at 300 mM in 
Drosophila. Moreover, the CITP reported no effect of GPA on lifespan in 
Caenorhabditis at lower doses in the range of 0.1 μM–10 mM and detri-
mental effects at higher (300 mM) dosing in worms. 

Yang et al. also reported that pretreatment with GPA improved 
resistance to starvation and H2O2 exposure in male and female 
Drosophila. As 900 mM GPA increased mortality in our experiments, we 
instead pretreated 3 day old male and female flies for 7 days with 100 
nM-100 mM GPA prior to testing. In females, 100 μM GPA improved 
survival following exposure to 15% H2O2. However, neither 100 nM nor 
100 mM GPA produced any effect. In contrast, male flies treated with 
either 100 nM or 100 mM GPA exhibit reduced H2O2 survival (Fig. 3A). 
100 mM GPA also reduced male starvation resistance but had no effect 

Fig. 1. Survival of long lived female (A) and male (B) W1118 flies fed Control, or 
900 mM beta-guanidinopropionic acid. Curves compared individually to sex- 
specific control by log-rank test. Survival of ♀ (n = 139–147/grp; log-rank vs 
ctrl: p=<0.0001) and ♂ (n = 143–161/grp; log-rank vs ctrl: p=<0.0001). 
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on females. (Fig. 3B). While our outcomes are dissimilar to those of Yang 
et al., it must be noted that we used a shorter (7 day) pretreatment 
period than that previously reported (30 day). It is conceivable that 
longer treatment under energetic stress may further stimulate stress 
response processes, including mitochondrial biogenesis, and that may be 
beneficial for overall stress resistance. We do note that the small, but 
significant, differences in stress resistance might be within the normal 
variability for repeated experiments despite being statistically signifi-
cant. Moreover, the small beneficial effect of GPA on female H2O2 
resistance is only apparent at a single dose, hinting at low robustness of 
this outcome. Perhaps more importantly though, even a lack of effect 
supports a dissimilarity in results to those reported by Yang et al. 

Age-related loss of activity in Drosophila has been well established, 
and AMPK signaling has been reported to preserve climbing ability in 
aging [2,13]. Therefore, as an additional marker of functional aging, we 
measured voluntary activity at 50 days of treatment. Flies were moni-
tored for 24 h using a Drosophila Activity Monitor, n = 3 vials/grp, 8–11 
flies/vial (Fig. 3C). 

Neither male nor female total daily activity, light cycle activity, or 
dark cycle activity were altered by GPA in the sample sizes that we 
assessed for this parameter (Fig. 3D–F). Along with the other data we 
present here on functional effects in Drosophila, these data suggest 
limited effect on activity of GPA treatment. 

4. Discussion 

Similar to Yang et al., our results demonstrate that GPA delivered in 
food in the range of 100 nM–100 mM is insufficient to extend lifespan or 
modify measures of functional aging in Drosophila. Moreover, we 
observed that 900 mM GPA, a dose previously suggested to increase 
lifespan, actually shortened median lifespan by 54% in males and 64% in 
females. In some ways, these results mirror recent reports published by 
the CITP [11] in which they found GPA had no effect on Caenorhabditis 
lifespan between 0.1 μM and 10 mM, but 300 mM GPA significantly 
shortened the lifespan of C. briggsae. A similar pattern was observed in 
our experiments examining stress resistance with 100 mM GPA leading 
to reductions in both H2O2 and starvation resistance in male flies. Taken 
together, these results seem to suggest that dietary GPA supplementa-
tion in the 100 mM range and above may lead to significant toxicity in 
both flies and worms. 

Previous reports have suggested that GPA mediates its effects on 
lifespan via inhibition of cCK and activation of AMPK. While AMPK is 
conserved across species, neither Drosophila nor Caenorhabditis possess 
cCK, but instead possesses a functionally similar arginine kinase (Argk) 
[14,15] which may not be able to utilize GPA as a substrate preventing it 
from acting as a competitive inhibitor [16]. As hypothesized by the CITP 
[11], this difference in phosphagen kinases between species likely ex-
plains the lack of lifespan alteration observed in this study and theirs. 

It is unclear why we were unable to replicate the findings regarding 
GPA and Drosophila lifespan previously reported by Yang et al. While the 
source of GPA used in these studies differs, our HPLC analyses shows our 
GPA source to be of high purity and similar to that sold by Sigma (me-
dian: 102.5%, intraquartile range (IQR): 97.2-106.7%; see methods). 
While we believe this supports the idea that both sources should be 
relatively equivalent in their effect, it is possible that other components, 
such as trace levels of containments, might drive the differences in our 
studies. However, as we discussed above the highest concentrations of 
GPA reportedly used in the Yang et al. study where much higher than we 
could solubilize in water or food during initial testing. While we were 
able to prepare food with 900 mM GPA, our results suggest this was 
extremely detrimental to male and female Drosophila. It is hard to 
reconcile these differences and it is unclear whether this is due to direct 
toxicity or indirect effects such as reduced palatability of the food and 
impairment of food intake. While we used the Yang et al. study as a 
guide for our own work, there are several potential differences between 
our studies that are not directly reported but might drive our disparate 
findings. For example, there are clear differences between our groups in 
the ability to solubilize GPA at high concentrations for food preparation. 
Differences in the homogeneity of GPA, or drug precipitation during 
food prep, might alter the distribution of this compound in the food 
which might then contribute to different outcomes between studies. 
Moreover, the process of food preparation and the potential degradation 
of GPA might drive these discrepancies in ways in which haven’t yet 
been determined. Other potential external factors including food vis-
cosity, relative humidity, final pH, microbial growth or microbiome 
makeup might also be plausible effectors of these differences that should 
likely be addressed. All these differences have been associated with 
changes in fly behavior and add to the complicated issue of replicating 
studies, particularly lifespan studies in different laboratories. While 
clarifying these differences is beyond the scope of this study, they all are 
potential important next steps to address in resolving the issue of what is 
the effect of GPA on lifespan. 

The work reported here highlights the challenges in replication of 
studies particularly of those addressing lifespan. However, by high-
lighting the differences in our studies we also highlight the lack of a 
robust effect of this intervention on Drosophila lifespan. Our results are 
however similar to the effect of GPA on lifespan reported in Caeno-
rhabditis in that we found no effect on lifespan except reduction of life-
span at higher doses. It would be of interest to take a more standardized 
and thorough approach to test the effects of GPA, and other prolongevity 

Fig. 2. Survival of female (A) and male (B) W1118 flies fed Control, 100 nM, 
100 μM, or 100 mM beta-guanidinopropionic acid. Curves compared individ-
ually to sex-specific control by log-rank test. Survival of ♀ (n = 255–259/grp; 
log-rank vs ctrl - 100 nM: p = 0.1904; 100 μM: p = 0.3005; 100 mM: p =
0.0547) and ♂(n = 253–256/grp; log-rank vs ctrl - 100 nM: p = 0.1496; 100 
μM: p = 0.4031; 100 mM: p = 0.3213). 

J.D. Dorigatti et al.                                                                                                                                                                                                                             



Biochemistry and Biophysics Reports 27 (2021) 101040

4

compounds, across multiple species in an effort to identify robust in-
terventions capable of modifying longevity. 
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