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INTRODUCTION 
 

For many, a long and healthy life is a desirable pursuit, 

so there is an everlasting search for antiaging drugs, 

also referred to as geroprotectors [1]. Agents such as 

rapamycin, spermidine, metformin, trametinib and, 

more recently, lithium have been identified to be 

effective in animal studies, although their efficacy in 

humans has not been confirmed [2–6]. However, along 

with the convenient intake of such substances, these 

molecules significantly impact lifespan in in vivo 

models [7–9]. 

 

The alkali metal lithium is widely used for mood 

stabilization and it is also known for its neuroprotective, 

immune-regulatory and survival-promoting properties 

[4, 6, 10, 11]. Over the past century, various lithium-

sensitive enzymes have been identified [12]. These 

enzymes include glycogen synthase kinase-3 (GSK-3), 

which was first demonstrated to be inhibited by lithium 

in embryos of the clawed frog Xenopus laevis [13]. 

Similar to the insulin/PI3K/Akt cascade, lithium 

decreases the activity of this highly evolutionarily 

conserved kinase across species [14]. Lithium’s action 

on GSK-3 suggests a regulatory effect on glucose and 

energy metabolism, as GSK-3 controls glycogen 

synthase activity, mitochondrial activity and the 

respiratory chain [15, 16]. Consistent with this finding, 

lithium has been suggested to exert insulin-like and 

antidiabetic bioactivity by multiple research groups 

[17–20]. Several studies in mammals have shown that 

lithium promotes glycogen synthesis, glucose tolerance, 

and insulin sensitivity [18, 21–23]. However, systematic 

studies on the general influence of this alkali metal on 

www.aging-us.com AGING 2024, Vol. 16, Advance 

Research Paper 

Dietary sucrose determines the regulatory activity of lithium on 
gene expression and lifespan in Drosophila melanogaster 
 

Katharina Jans1, Kai Lüersen1, Jakob von Frieling2, Thomas Roeder2, Gerald Rimbach1 
 
1Division of Food Science, Institute of Human Nutrition and Food Science, University of Kiel, Kiel D-24118, 
Germany 
2Division of Molecular Physiology, Institute of Zoology, University of Kiel, Kiel D-24118, Germany 
 
Correspondence to: Katharina Jans; email: jans@foodsci.uni-kiel.de 
Keywords: lithium, longevity, glycogen synthase kinase 3, fruit fly, trace element 
Received: December 26, 2023    Accepted: April 10, 2024  Published: June 10, 2024 
 
Copyright: © 2024 Jans et al. This is an open access article distributed under the terms of the Creative Commons Attribution 
License (CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original 
author and source are credited. 

 

ABSTRACT 
 

The amount of dietary sugars and the administration of lithium both impact the lifespan of the fruit fly 
Drosophila melanogaster. It is noteworthy that lithium is attributed with insulin-like activity as it stimulates 
protein kinase B/Akt and suppresses the activity of glycogen synthase kinase-3 (GSK-3). However, its 
interaction with dietary sugar has largely remained unexplored. Therefore, we investigated the effects of 
lithium supplementation on known lithium-sensitive parameters in fruit flies, such as lifespan, body 
composition, GSK-3 phosphorylation, and the transcriptome, while varying the dietary sugar concentration. For 
all these parameters, we observed that the efficacy of lithium was significantly influenced by the sucrose 
content in the diet. Overall, we found that lithium was most effective in enhancing longevity and altering body 
composition when added to a low-sucrose diet. Whole-body RNA sequencing revealed a remarkably similar 
transcriptional response when either increasing dietary sucrose from 1% to 10% or adding 1 mM LiCl to a 1% 
sucrose diet, characterized by a substantial overlap of nearly 500 differentially expressed genes. Hence, dietary 
sugar supply is suggested as a key factor in understanding lithium bioactivity, which could hold relevance for its 
therapeutic applications. 
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glucose homeostasis and their consequences for 

organisms are lacking and inconsistent, with the result 

that this subject is still poorly understood [18]. 

 

Li+ ions have been suggested to inhibit GSK-3 directly 

due to the intracellular displacement of Mg2+ ions, 

since both have a similar atomic radius [24]. As a 

result, the β-arrestin/protein phosphatase 2A/Akt 

complex is no longer stabilized by GSK-3, facilitating 

the accumulation of free Akt in the cytosol. The 

insulin signaling cascade activates non-complexed Akt 

to phosphorylate and inactivate the two GSK-3 

isoforms at either serine 9 (GSK-3β) or serine 308 

(GSK-3α), which further promotes the inhibition of 

GSK-3 kinase activity [19, 24–26]. 

 

In general, decreasing the activities of GSK-3 is 

predicted to benefit various biological processes, such 

as autophagy, cell survival and cell differentiation [16, 

27, 28]. Thereby, it is even believed to counteract the 

onset of age-related diseases [27]. Thus, via direct and 

indirect mechanisms, lithium supports the decrease in 

GSK-3 activity, which has been postulated to benefit 

health and lifespan [9, 29]. The GSK-3 inhibitor lithium 

promotes survival in simple model organisms. Lifespan 

extension due to lithium supplementation was first 

reported in the nematode Caenorhabditis elegans in 

2008 and in the fission yeast Saccharomyces pombe in 

2014 [30, 31]. Only two years later, Castillo-Quan and 

colleagues discovered that lithium also promotes 

longevity in the fruit fly Drosophila melanogaster when 

added to a standard 5% sugar/10% yeast/2% agar diet at 

concentrations of 1 to 25 mM LiCl [29, 32, 33]. This 

phenomenon was associated with a lithium dose-

dependent increase in inhibitory phosphorylation of the 

GSK-3 homolog Shaggy (Sgg), which led to activation 

of nuclear factor erythroid 2-related factor (Nrf-2) and 

subsequent expression of enzymes needed for 

xenobiotic stress resistance [29]. Yet, whether or not the 

mechanisms mentioned above account for the increased 

inhibitor phosphorylation of Drosophila Sgg has not 

been fully established. 

 

Adjustment of the dietary sugar concentration can have 

a substantial impact on life expectancy in female fruit 

flies. Compared to low-sugar diets, a moderate 

isocaloric rise in added sugar of up to ~15 % 

increasingly promotes the survival of female flies, while 

extremely high-sugar diets (usually 20-30 % sucrose) 

drastically shorten the lifespan [7, 34]. Similar findings 

have also been reported in ad libitum fed mice, where 

median lifespan was the greatest when carbohydrate 

intake was high and protein intake low [35]. Overall, 
the geometry of macronutrients appears to be a strong 

determinant of the lifespan across species. While such 

findings were assigned to changes in macronutrient 

supply affecting the nutrient sensing insulin and TOR 

pathways, the exact mechanism by which dietary sugars 

influence the lifespan in Drosophila has not yet been 

fully established [7]. It is possible, however, that 

lithium and dietary sugar both act through the regulation 

of GSK-3 activities to exert their survival-promoting 

properties [29, 36]. Based on this proposed overlapping 

bioactivity of dietary sugar and lithium in the female 

fruit fly, we decided to investigate the extent of these 

similarities and whether a joint mechanism lies at their 

root. 

 

RESULTS 
 

Dietary sugars and lithium had a similar impact on 

lifespan 

 

As shown in Figure 1A and Table 1, elevating the 

dietary sucrose content from 1% up to 10% improved 

the median (+5 days) as well as the maximum lifespan 

(+11 days) in w1118 females. Supplementing 0.1 mM up 

to 1 mM LiCl to the 1% sucrose diet had a similar 

impact on the median and maximal lifespan of the flies. 

The lower dose of 0.1 mM LiCl improved median 

survival by three days but not the maximal lifespan 

compared to the non-supplemented low sucrose control 

diet. The higher dose of 1 mM LiCl improved median 

survival by five days and prolonged the maximum 

lifespan by seven days (see Figure 1B and Table 2). 

When added to the standard 5% sucrose diet, 0.1 mM 

LiCl had no significant impact on the survival curve, 

whereas 1 mM LiCl improved median survival by four 

days and maximal lifespan by only two days (see Figure 

1C and Table 1). Lithium added to the 10% sucrose diet 

only had a small but still significant impact on the 

survival curve with the higher dose of 1 mM LiCl (see 

Figure 2D and Table 2). 

 

It was previously demonstrated that lithium promotes 

longevity by decreasing GSK-3 activity in w1118 flies. 

Hence, the experiment was repeated with sgg1/FM7a 
females, which carry a strong hypomorphic mutation of 

the gene shaggy (sgg) encoding the Drosophila 

homolog of GSK-3 [37]. This approach was performed 

to determine whether GSK-3/Sgg may be involved in 

sucrose- and lithium-induced lifespan extension. We 

found that the median and maximum lifespan was 

extended in response to elevating the dietary sucrose 

content from 1% up to the standard level of 5%, similar 

to what was found in w1118 (see Figure 2A and Table 3). 

However, lithium only significantly affected the 

survival curves of sgg1/FM7a flies when added to  

the 1% sucrose diet, as shown in Table 4 and 

Supplementary Figure 1. Adding 0.1 mM LiCl to the 

1% sucrose diet extended the maximum lifespan by 

three days, whereas the higher dose of 1 mM LiCl 
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increased median survival by two days and maximum 

lifespan by only one day. Accordingly, sgg1/FM7a flies 

were non-responsive to lithium when added to diets 

with higher sucrose content. 

 

Lithium supplementation in a low-sugar diet 

increased whole-body glucose levels 

 

Dietary interventions that promote survival also often 

affect the body composition of the fruit fly due to 

adaptations in energy metabolism. Thus, since 

increasing the dietary lithium supply to 1 mM had a 

similar impact on the lifespan as elevating the sucrose 

content from 1% up to 10%, we investigated whether 

there are also similarities regarding their impact on 

body composition. Neither lithium nor the sucrose 

content of the diet had an impact on the body weight  

of w1118 females after one week of treatment (see  

Figure 3A). However, as shown in Figure 3B, the 

TAG/protein ratio was significantly lower in the flies fed 

the 1% sucrose diet. Moreover, 1 mM LiCl slightly but 

non-significantly further lowered the TAG/protein ratio 

when added to the 1% sucrose diet (p = 0.07). Glucose, 

trehalose and glycogen levels were mostly unaffected by 

altering the levels of both lithium and sucrose. Only the 

dose of 1 mM LiCl slightly increased the glucose level of 

the fly, which was exclusively observed when LiCl was 

added to a 1% sucrose diet (p = 0.07). 

 

 
 

Figure 1. Lithium and dietary sucrose have a similar impact on the lifespan. Female w1118 flies were subjected to life-long 
interventions receiving either the 1%, 5% or 10% sucrose diet supplemented with 0, 0.1 or 1 mM LiCl. (A) Increasing the dietary sucrose 
content to 10% extended the lifespan of the flies. (B) Supplementing 0.1 or 1 mM LiCl to the 1% sucrose diet extended the lifespan in a similar 
manner. (C) Supplemented to the 5% sucrose diet, only the dose of 1 mM LiCl significantly improved survival. (D) When added to the 10% 
sucrose diet, the positive impact of lithium on the lifespan further declined. Survival curves were compared using the Log-Rank Mantel-Cox 
test (p ≤ 0.05). 
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Table 1. Sucrose promotes survival in female w1118. 

Sucrose [%] LiCl [mM] Median survival [d] Max. lifespan [d] p-value 

1 - 59 71 - 

5 - 62 78 0.01 

10 - 64 82 ≤ 0.0001 

P-values of pairwise log-Rank tests are given (compared to 1% sucrose). 

 

Table 2. The impact of lithium on the survival of female w1118 varies depending 
on the sugar content of the diet. 

Sucrose [%] LiCl [mM] Median survival [d] Max. lifespan [d] p-value 

1 - 59 71 - 

1 0.1 62 71 0.01 

1 1 64 78 ≤ 0.0001 

5 - 62 78 - 

5 0.1 62 76 0.20 

5 1 66 79 ≤ 0.0001 

10 - 64 82 - 

10 0.1 62 81 0.54 

10 1 66 86 0.02 

P-values of pairwise log-Rank tests are given (compared to the non-supplemented 
control). 

 

Dietary sucrose affected the impact of lithium on the 

GSK-3 phosphorylation rate 

 

Following addition to a standard diet with medium 

sugar content, the longevity-promoting effects of 

lithium have previously been assigned to its potential to 

promote GSK-3 inhibitory phosphorylation [9, 29]. 

Therefore, we explored whether changes in dietary 

sucrose content also affect the GSK-3 phosphorylation 

rate and, consequently, influence the potential of 

 

 
 

Figure 2. sgg1FM7a are less responsive to lithium but highly responsive to dietary sucrose in regards of lifespan extension. 
Female sgg1FM7a flies were subjected to life-long interventions receiving either the 1%, 5% or 10% experimental diet supplemented with 0, 
0.1 or 1 mM LiCl. (A) Dietary sucrose promoted longevity in sgg1FM7a. (B) Supplementing 0.1 or 1 mM LiCl to the 1% sucrose diet mildly 
promoted survival in sgg1FM7a. Survival curves were compared using the Log-Rank Mantel-Cox test (p ≤ 0.05). 
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Table 3. Sucrose promotes survival in female sgg1FM7a. 

Sucrose [%] LiCl [mM] Median survival [d] Max. lifespan [d] p-value 

1 - 55 65 - 

5 - 59 74 ≤ 0.0001 

10 - 64 82 ≤ 0.0001 

P-values of pairwise log-Rank tests are given (compared to 1% sucrose). 

 

Table 4. Lithium extends the lifespan in female sgg1FM7a solely when 
supplemented to a diet prepared with 1% sucrose. 

Sucrose [%] LiCl [mM] Median survival [d] Max. lifespan [d] p-value 

1 - 55 65 - 

1 0.1 55 68 0.0004 

1 1 57 66 0.01 

5 - 59 74 - 

5 0.1 59 74 0.66 

5 1 59 70 0.08 

10 - 64 82 - 

10 0.1 64 80 0.39 

10 1 66 80 0.06 

P-values of pairwise log-Rank tests are given (compared to the non-supplemented control). 

 

lithium to inhibit GSK-3. Western blot analysis revealed 

that the total GSK-3 level of whole-fly extracts was 

generally the lowest when they were fed the low-sugar 

control diet (see Figure 4A). However, similar to raising 

the dietary sucrose content, adding 1 mM LiCl to the 

1% sucrose diet significantly increased the levels of 

total GSK-3 (p = 0.02). 

 

The levels of GSK-3 phosphorylated at the serine 9 

residue were slightly increased by adding 1 mM LiCl 

to the standard 5% sucrose diet compared to the 

control (p = 0.06) (see Figure 4B). Similarly, elevating 

the dietary sugar content from 1% or 5% to 10% 

increased the amount of phosphorylated GSK-3 in  

the fly. As shown by the pGSK-3/GSK-3 ratio in 

Figure 4C, however, the influence of lithium on the 

GSK-3 phosphorylation rate highly depends on the 

sucrose content of the diet. Surprisingly, the pGSK-

3/GSK-3 ratio was highest in the flies fed the 1% 

sucrose diet and lowest (-50%) in those fed the 

standard 5% sucrose diet. Added to the 1% sucrose 

diet, lithium significantly lowered the phosphorylation 

rate by close to 40% (p = 0.0007). However, when 

added to the standard 5% sucrose diet, lithium tended 

to increase the inhibitory phosphorylation of GSK-3 

by ~ 20% (p = 0.06), similar to what was previously 

described by Castillo-Quan and colleagues [29]. 

However, lithium added to a 10% sucrose diet had no 

impact on the pGSK-3/GSK-3 ratio. 

Dietary sucrose levels determine the number of 

genes differentially expressed in response to lithium 

 

Venn diagrams were used to evaluate the impact that 

changing the dietary sucrose content has on gene 

expression in response to 0.1 mM or 1 mM LiCl.  

Figure 5A reveals no overlaps of genes differentially 

expressed by 0.1 mM LiCl added to either the 1%, 5% 

or 10% sucrose diet. In general, the impact of this lower 

lithium dose on the gene expression level was very 

small. A rather small number of 18 genes responsive to 

the addition of 0.1 mM LiCl to the 1% sucrose diet was 

obtained. In Figure 5B, only a single gene, lithium-

inducible factor (list) [38], was found to be significantly 

regulated by 1 mM LiCl added to all three sugar diets. 

 

The transcriptional response of the fly to 10% 

sucrose overlaps with the response to 1 mM LiCl by 

50% 

 

Since we found that lithium and sucrose affect the 

lifespan of the fruit fly to a similar extent, we chose to 

investigate whether the two substances also induce 

similar responses at the transcript level. Again, a Venn 

diagram (Figure 6) was created showing coregulated 

genes of two comparisons: (1) the high sugar effect (1% 

sucrose vs. 10% sucrose) and (2) the lithium effect on 

the low sugar diet (1% sucrose vs. 1% sucrose + 1 mM 

LiCl). In total, 493 genes were coregulated by either 
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Figure 3. Lithium and dietary sucrose affect the body composition differently. Female flies were subjected to a 1%, 5% or 10% 

sucrose diet supplemented with 0, 0.1 or 1 mM LiCl and the body weight and body composition were examined after seven days of 
treatment. (A) Neither lithium, nor sucrose altered the body composition (one-way ANOVA, p ≤ 0.05). (B) Feeding 1% sucrose significantly 
lowered the TAG/protein ratio compared to a 5% or 10% sucrose diet (Dunnett’s T3 multiple comparisons test, ***p ≤ 0.001).  
(C–E) Supplementing 1 mM LiCl to the 1 % sucrose diet slightly increased whole-body glucose level in the fly (one-way ANOVA, p = 0.07). 
Altering the sucrose content of the diet had no impact on any of the carbohydrate levels in the fly. Bars represent means ± SD. TAG, 
triacylglycerides; Suc., sucrose; BW, body weight. All data are reported as mean ± SD. 
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increasing the dietary sucrose content from 1% to 10% 

or by adding 1 mM LiCl to the 1% sucrose diet. 

Accordingly, it was found that lithium copies almost 

50% of the fly’s response to high sucrose at the 

transcript level. 

 

In addition, sucrose- and lithium-responsive coregulated 

genes were screened for overrepresented transcription 

factor-binding sites (see Supplementary Table 2.). The 

analysis revealed that among these 493 genes, binding 

sites of the transcription factor mothers against 

decapentaplegic (Mad) were detected with the highest 

statistical significance (p = 3.54 * 10-16). 

 

The DAVID (Database for Annotation, Visualization 

and Integrated Discovery) tool ranks functional 

 

 
 

Figure 4. Dietary sucrose modulates lithium’s influence on the GSK-3 phosphorylation ratio. Whole-body protein extracts of w1118 

females treated with the experimental diet were obtained for Western blot analysis. (A) 1 mM LiCl supplemented to the 1% sucrose diet 
elevated total levels of GSK-3 (Dunn’s multiple comparisons test, *p ≤ 0.05) as did elevating the dietary sucrose content up to 5% (Dunnett’s 
T3 multiple comparisons test, **p ≤ 0.005). (B) Lithium supplemented to the 5% sucrose diet elevated levels of p-GSK-3 similar to the 1% 
sucrose diet compared to the 5% and 1% sucrose diets (Dunnett’s T3 multiple comparisons test, *p ≤ 0.05). (C) Lithium significantly lowers 
the pGSK-3/GSK-3 ratio when added to the 1% sucrose diet (Dunn’s multiple comparisons test, ***p ≤ 0.001). In contrast, added to the 5% 
sucrose diet, lithium slightly elevated the pGSK-3/GSK-3 ratio. Co-administered to 10% sucrose, lithium had no significant impact on the 
pGSK-3/GSK-3 ratio. In general, pGSK-3/GSK-3 ratios of flies treated with the 1% sucrose diet were significantly higher than that of those 
receiving the 5% and 10% sucrose diets. Two known Drosophila GSK-3 isoforms were detected at 52 kDa (G, major isoform) and 58 kDa 
(SGG39). Overall, feeding the non-supplemented 5% sucrose diet generated the lowest levels of pGSK-3/GSK-3 ratio (Tukey’s multiple 
comparisons test, **p ≤ 0.005). All data are reported as mean ± SD. 
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categories based on co-occurrence in a list of genes to 

disclose biological processes with which they are 

associated. The results of this analysis are found in 

Supplementary Table 3. Functional annotation of our 

coregulated genes revealed significant matches with a 

variety of different terms, including “chorion” (61.7% 

match), “immunoglobulin-like fold” (11.2% match), 

“vision” (11.2% match), “epidermal growth factor 

(EGF)-like domain” (7.4% match) and “lysosome” 

(1.5% match). 

Modulation of dietary lithium and sucrose levels 

affected feeding rate and lithium status 

 

Feed intake is a challenging and fundamental issue in 

the work with model organisms especially in the context 

of longevity studies [39–41]. In response to modifying 

the geometry of the macronutrients, the feed intake of 

the fly can vary substantially [42]. Therefore, we 

recorded w1118 feed intake exposed to the different 

experimental diets in order to detect possible 

 

 
 

Figure 5. The dietary sucrose content affects the number of genes differentially expressed by lithium. Genes differentially 
expressed (FDR p-value ≤ 0.05) by (A) 0.1 mM LiCl or (B) 1 mM LiCl supplemented to the experiential diet prepared with either 1%, 5% or 10% 
sucrose. Overall, the number of genes differentially expressed by lithium in female flies was highest when supplemented to the diet with 
lowest sucrose content of only 1 %. Suc., sucrose. 

 

 
 

Figure 6. Supplementing 1 mM LiCl to the 1% sucrose diet mimics half of the transcriptional response to 10% dietary sucrose. 
The Venn diagram shows overlaps of two comparisons: 1. the genes whose transcript levels were altered by increasing the sugar 
concentration from 1% to 10% (yellow circle, total: 1075) and 2. genes whose transcript levels were altered by supplementation of 1 mM LiCl 
to the 1% sucrose diet (blue circle, total: 844). Both comparisons share an overlap of 493 co-regulated genes differentially expressed in 
female flies in response to both, sucrose or lithium (FDR p-value ≤ 0.05). Suc., sucrose. 
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differences in nutrient intake that may have affected the 

outcome of experiments presented in this work. As 

shown in Supplementary Figure 3A, with 621 – 763 

nL/d, the feed intake of w1118 females was generally the 

highest when feeding 1% sucrose-containing diets. 

Among the experimental groups treated with 10% 

sucrose diets, the feed intake was only 356.7 – 410.6 

nL/d. Accordingly, elevating the sucrose content of the 

diet lowered the total daily feed intake and thereby also 

the calculated lithium intake of the fly (Supplementary 

Figure 3B), respectively. This finding raised the 

question of whether lithium is generally most effective 

in combination with low sugar because food and thus 

lithium intakes are higher in these groups. Therefore, 

the fly’s lithium levels were determined via ICP-MS 

(see Supplementary Figure 3C). Here, however, a 

contrasting picture can be observed: the lithium status 

appears to be almost independent of the differences in 

feed intake. For the most part, a higher lithium status 

was observed in animals fed 10% sucrose. Thus, 

differences in lithium intake do not seem to directly 

influence the fly’s lithium status and do not explain the 

increased lithium responsiveness of the fly in terms of 

longevity or at the transcript level under low sucrose 

conditions. Instead, the bioavailability and elimination 

of lithium may be related to the sugar content of the 

diet. For instance, Li+ transport across cell membranes 

is linked to mechanisms of sodium homeostasis [43, 

44]. Therefore, changing the dietary sugar content may 

as well have an impact on lithium accumulation rates 

due to a potential dependence on, for example, sodium-

dependent glucose cotransporters [45]. In addition, 

sugar intake was calculated from the food intake data 

(see Supplementary Figure 3B). Despite the higher food 

intake of flies fed 1% sucrose, the amount of sucrose 

consumed was still significantly higher in flies fed with 

diets containing 10% sucrose. Notably, however, 

supplementing the 1% sucrose diet with 1 mM LiCl 

resulted in higher feed intakes of +141.8 nL/d than in 

the non-supplemented 1% sucrose control. This result 

was not observed with lithium supplementation of the 

10% sucrose diet. 

 

DISCUSSION 
 

In the present study, we found that in female D. 

melanogaster, the life-prolonging effect of dietary 

lithium is dependent on the actual sucrose content of the 

medium. Consistent with previous reports [41, 42], 

increasing the sucrose content of the Drosophila diet 

from a low level of 1% to a moderate value of 10% 

prolonged the lifespan of the female fruit fly. Moreover, 

supplementation of relatively low lithium doses (0.1–1 

mM LiCl) proved to be most effective regarding 

lifespan extension when lithium was added to the low-

sucrose diet, thus phenocopying to a large extent the 

effect of a moderate increase in dietary sucrose. 

However, when added to a diet containing 10% sucrose, 

the additional positive impact of 1 mM LiCl on the 

already improved median and maximum lifespan was 

considerably smaller. In Drosophila, geroprotective 

drugs, which act via distinct mechanisms, have the 

potential to exert synergistic effects in terms of 

longevity. For instance, a triple drug combination of the 

GSK-3 inhibitor lithium, TOR-inhibitor rapamycin and 

mitogen-activated protein kinase kinase-inhibitor 

trametinib produces the greatest lifespan extension 

compared to single or double administration [9]. 

However, lithium and dietary sucrose were found to 

have little to no additive effect on survival when co-

administered, indicating that they are more likely to act 

via the same mechanism. Thus, we determined that 

sucrose and lithium may promote longevity through a 

mutual mechanism, which was likely to be GSK-3 

inhibition. However, Western blot analysis yielded an 

unexpected result. Notably, feeding only 1% sucrose 

resulted in the highest GSK-3 phosphorylation rate and 

adding lithium increased total levels of GSK-3, 

resulting in substantially higher rates of non-

phosphorylated, presumably active GSK-3. In other 

words, longevity induced by lithium added to a low 

sucrose diet was accompanied by an increase in non-

phosphorylated GSK-3 levels, which is the exact 

opposite of what was initially expected. Nevertheless, it 

must be considered that inhibitory phosphorylation of 

GSK-3 solely mirrors the secondary indirect mechanism 

by which the alkali metal is known to downregulate 

GSK-3 activity [46]. Here, we do not cover lithium’s 

potential of Mg2+ displacement as the direct mechanism 

of GSK-3 inhibition. Therefore, calculating p-GSK-

3/GSK-3 ratios does not give exact information on the 

activity status of the kinase. Instead, determining the 

activities and phosphorylation state of GSK-3 substrates 

would be helpful to gain more information on the full 

potential of lithium as a GSK-3 inhibitor during low or 

high sucrose conditions. Taken together, these findings 

indicate that the survival-promoting properties of 

lithium during low sugar availability are not achieved 

through inhibitory GSK-3 phosphorylation. 

 

Various studies support the survival-promoting effect of 

lithium to be dependent upon sugar availability. For 

instance, in budding yeast, it was recently found that a 

comparatively high dose of 200 mM LiCl promotes 

long-term survival solely upon glucose deprivation 

(0.5% glucose). However, when the glucose supply was 

elevated fourfold, lithium induced dose-dependent 

growth inhibition and decreased long-term viability 

[47]. Likewise, a year before the work of Castillo-Quan 
et al. [29], another study was published investigating the 

effect of lithium on the lifespan of w1118 flies. Here, 

supplementation with 1, 10 or 20 mM LiCl did not 
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improve the lifespan of male or female flies. However, 

one notable result is the high median survival among 

the control groups (84 days in females and 67 days in 

males). Furthermore, the experimental diet used in this 

study provided high proportions of different 

carbohydrate sources (5% corn meal, 3% brown sugar, 

7.25% white sugar), yet comparatively low amounts of 

yeast (2.5%) as a major protein source [48]. 

Accordingly, apart from the other carbohydrates, the 

total proportion of added sucrose from white and brown 

sugar was almost double the 5% sucrose that we 

consider standard, or which was also used by Castillo-

Quan and colleagues [29]. It is therefore possible that 

the authors did not record the lifespan-prolonging effect 

of lithium in w1118 flies as their experimental diet did 

not provide the needed nutritional geometry for the 

effect to show. In contrast, lithium even reduced the 

already largely maximized lifespan but only in females, 

diminishing the female advantage in lifespan [48]. The 

origin of this observation was not elucidated by the 

authors but might be relevant to understanding the 

reliance of lithium’s bioactivity on the ratio of 

macronutrients in the fly diet. Our Western blot analysis 

showed that lithium had no effect on the already 

elevated GSK-3 phosphorylation ratio when added to 

the 10% sucrose diet. Accordingly, provided that 

lithium’s indirect mechanism of GSK-3 phospho-

rylation can be directly associated with its survival-

promoting properties, the lifespan should remain 

unaffected by lithium added to high sucrose diets, as 

was also confirmed by our own data. Hence, all of these 

findings support our hypothesis that the effect of lithium 

on lifespan is dependent on the dietary proportions 

of sugars, which underlines the relevance of 

standardization and targeted choice of experimental 

diets in model organisms. 

 

As mentioned earlier, a decrease in GSK-3 activity has 

been considered a potential therapeutic treatment for 

many age-related and metabolic diseases, including 

cancer, cardiovascular disease, neurodegeneration and 

even diabetes [16, 49]. Moreover, it has previously been 

found that decreased GSK-3 activity can improve 

glucose or lipid metabolic disorders in zebrafish liver 

cells as well as in an in vivo model [50]. In this study, 

we observed that the body composition of the fly was 

affected differently by lithium and sucrose. Elevating 

the dietary sucrose administration shifted the 

TAG/protein ratio upwards, indicative of increased 

accumulation of body fat. This finding is in accordance 

with the literature, as an excess of dietary sugar is used 

to build up lipid stores [34, 51]. In contrast, lithium 

lowered the TAG/protein ratio and instead elevated 
glucose levels of the fly but, yet again, only when added 

to the 1% sucrose diet. Lithium has previously been 

shown to dose-dependently lower TAG storage in 

female flies [29]. Considering these two findings, the 

lowered TAG/protein ratio and the slightly increased 

glucose levels, it is likely that lithium mobilizes lipid 

storage to drive gluconeogenesis but only if the dietary 

sucrose supply is genuinely low. In the fruit fly, there is 

negative correlation between storage lipids and lifespan 

[52], meaning that the influence of lithium on survival 

is likely related to its regulatory impact on energy 

metabolism and body composition. However, it is 

evident that sucrose and lithium induce different shifts 

in terms of body composition and, therefore, most likely 

also in regards to macronutrient and energy metabolism. 

In fact, it was previously shown that 1 mM LiCl 

sufficiently blocks a high-sugar diet (20% sucrose)-

induced Drosophila model of hypertriglyceridemia, 

which further underlines the opposite actions of the two 

substances in this context [29]. Although inhibition of 

GSK-3 is predicted to stimulate glycogen synthesis, no 

changes in glycogen levels were observed in response to 

either lithium or sucrose in this work. Again, our 

findings support the data published in 2016 by Castillo-

Quan and colleagues, who observed a trend but no 

significant increase in whole-body glycogen levels even 

when adding much higher lithium doses of up to 75 mM 

LiCl to a 5% sucrose diet [29]. The fact that glucose, 

trehalose, and glycogen levels were largely unaffected 

by a change in dietary sucrose of 1% to 10% in our 

study indicates that glucose homeostasis in the fly copes 

perfectly with fluctuations of this range. Thus, a 

moderate increase in dietary sucrose of up to 10% 

promotes survival and does not induce dysregulation of 

carbohydrate metabolism, as previously demonstrated in 

a 30% high-sucrose-induced fly model of obesity [34]. 

We acknowledge that the feed and sucrose intake of 

some experimental groups varied significantly. For 

example, a higher feeding rate of the flies receiving the 

1% sucrose diet will have increased factors such as the 

protein intake of the animals, which may also have 

impacted the parameters considered here, such as 

survival and body composition. Consequently, it cannot 

be fully ruled out that some of our observations are 

partly related to differences in feed intake. 

 

Notably, studies in rodents and humans have previously 

sparked discussion on whether lithium may play a 

regulatory role in the maintenance of glucose homeo-

stasis. In patients suffering from bipolar disorder, lithium 

administration was linked with improved glucose 

tolerance, whereas discontinuation of the treatment 

entails the loss of this benefit [53]. Furthermore, lithium 

has been reported to have neuroprotective properties in 

Alzheimer’s, Huntington’s and Parkinson’s disease [11, 

54]. Disruptions of neuronal glucose metabolism as well 
as impaired glucose supply of brain cells are discussed 

to play a major role in neurodegenerative diseases. Thus, 

considering the impact of lithium on glucose metabolism 
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as a potential driver for these findings may be useful 

[55]. In Chinese hamsters, lower levels of lithium in the 

liver, kidney, and muscle were associated with insulin 

resistance in these tissues, suggesting a possible 

biological function of lithium in glucose metabolism in 

rodents [23]. Nevertheless, there are also case reports 

linking lithium treatment with hyperglycemia, which 

demonstrates that evidence on this topic is rather 

inconclusive [18]. Regardless, changes in whole body-

glucose levels and GSK-3 phosphorylation dependent  

on dietary sugar administration are likewise indications 

for lithium to interfere with carbohydrate metabolism in 

the fly. 

 

In line with our previous findings, the number of genes 

differentially expressed in response to lithium was 

substantially higher when lithium was added to the 1% 

sucrose diet. Hence, in the fruit fly, lithium exerts the 

strongest transcriptional response when coadministered 

with low-dietary sucrose, as was the case for lifespan, 

GSK-3 phosphorylation rate and body composition. 

Remarkably, nearly 50% of lithium-responsive genes 

were also coregulated in response to elevating the 

dietary sucrose content to 10%. This finding further 

supports the idea that lithium and sucrose act, at least to 

some extent, through a joint mechanism that benefits 

survival in Drosophila. Functional annotation revealed 

significant clustering among these mutually regulated 

genes assigned to the term “chorion”, which refers to 

the outer shell of an insect’s egg. Synthesis of the 

chorion is an important step in Drosophila egg 

production starting as early as mid-oogenesis [56]. This 

finding is consistent with our previously published data, 

which are related to the impact of lithium on oogenesis 

in Drosophila. In this study, feeding 1 mM LiCl also 

affected the transcript levels of eggshell-associated 

genes in w1118 ovaries [57]. However, the regulation of 

genes involved in EGF signaling is more likely to be 

linked to lithium-induced longevity. Often associated 

with tumor development in mammals, the EGF pathway 

interacts with cell differentiation and cell fate-

determining signaling pathways, such as PI3K/Akt, 

mitogen-activated protein kinase and Jak/Stat [58]. In 

Drosophila, EGF regulates health- and longevity-related 

processes such as cell differentiation, cell‒cell adhesion 

and autophagy-related processes [59–61]. In total, 24 

genes encoding proteins with immune globulin-like 

domains were found to be upregulated in flies treated 

with either 1 mM LiCl or 10% sucrose. Some of these 

genes assigned to EGF and immunoglobulin-like fold 

are also functionally associated with cell adhesion 

(alterations in mRNA level of the respective genes 

associated with all three terms can be found in 
Supplementary Figure 2). Adhesion proteins such as 

cadherin are crucial for stem cell maintenance as well as 

for cell‒cell communication and for the binding of 

pathogens [58, 62]. In cancer research, higher levels of 

glucose have been shown to increase EGFR/Stat 

signaling, thereby upregulating the expression of genes 

involved in pro-mitogenic activities [58]. Thus, it is 

possible that our high-sucrose diet and low-dose lithium 

supplementation of 1 mM LiCl have a similar impact on 

EGF cell signaling, which could have affected the 

lifespan. 

 

Beyond that, analysis of transcription factor-binding site 

motifs revealed Mad to be a likely candidate that could 

be responsible for a substantial proportion of the 

coregulated genes from the overlap. In fact, Mad, or 

Smad proteins as mammalian homologs of the 

Drosophila Mad protein, was found, ranking among the 

list of identified GSK-3 substrates [63]. In D. 

melanogaster, it was found that GSK-3 phosphorylates 

Mad, initiating its degradation, a mechanism that 

controls self-renewal and asymmetric division of stem 

cells [64]. Thus, GSK-3 is a negative regulator or 

Dpp/Mad signaling in the fly, which makes Mad a valid 

candidate to be indirectly targeted by lithium, similar to 

what has been proposed for Nrf-2 and β-catenin [14, 26, 

29]. Likewise, GSK-3 inhibits BMP/Smad1 signaling in 

mammals, which is thought to play a crucial role in, for 

instance, embryonic pattern formation [58]. Moreover, 

in Drosophila embryos, Dpp/BMP signaling was found 

to be sensitive to maternal glucose availability. It was 

demonstrated that embryos of females fed a no-sugar 

diet had significantly higher counts of pMad-positive 

nuclei, indicating higher Dpp/Mad activities in response 

to maternal sugar deprivation [65]. In addition, some 

mutations in the Drosophila mad gene were found to 

induce female sterility, sensitivity to heat stress, 

abnormal immune response, and decreased body size 

and cell count [66–70]. Mad RNAi flies are short lived 

and display alterations in lysosomal maturation and 

immunity, granting Mad a putative role in the lifespan 

extension observed in the present study [68, 71, 72]. 

There is also evidence on crosstalk of BMP/Dpp and 

EGF signaling in Drosophila as well as in mammals, 

which is why the outcomes obtained here from 

functional annotation and Pscan analysis could be 

related in some way [73]. 

 

Moreover, it is important to recognize that all observation 

made in the present study when feeding lithium and 

sucrose both selectively and in combination are 

demonstrated only in female flies. Therefore, we 

acknowledge that the data may have yielded different 

outcome had males been used. For instance, potential sex-

specific effects have been reported it terms of 

neurotoxicity in patients receiving lithium therapy and 
lithium was also found to alter estrogen receptor 

expression [74–76]. At this point, we would like to 

declare to have carried out the experiments with females 
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as lifespan-extending effects of lithium have previously 

been recorded only in female flies [29]. It would therefore 

be interesting to investigate whether or not our findings 

are also true in males and whether the same dose-response 

is given, since male flies exhibit a significantly lower feed 

intake compared to mated females [77]. 

 

In overall terms, we found that the bioactivity of lithium 

in regard to survival, body composition, inhibitory 

phosphorylation of GSK-3 and the transcriptional 

response was highly reliant upon the sucrose 

concentrations of the experimental diet. This observation 

should be considered in future studies investigating the 

bioactivity of lithium as a trace element and its 

pharmacodynamics in D. melanogaster. In line with the 

results of previous studies, we propose that further 

research is needed to gain a better understanding of how 

macronutrients influence the bioactivity of lithium and 

vice versa, not only regarding its impact on lifespan but 

also in terms of its other verified bioactive traits, 

including mood stabilization, neuroprotection and 

determination of cell fate [46, 78, 79]. It is also of 

interest to investigate whether the observed lithium-

sugar interaction applies to humans which in turn could 

be of clinical relevance. 

 

MATERIALS AND METHODS 
 

Fly lines and cultivation 

 

The following fly strains (purchased from Bloomington 

Drosophila Stock Center, Indiana, USA) were used in 

this study: w1118 (#5905) and sgg1/FM7a/Dp(1;2;Y) 

w+(#4095). All fly strains were cultured as previously 

described [57]. Details on the strains, chemicals and 

other products used in this study can be found in 

Supplementary Table 1. 

 

Preparation of the experimental diets 

 

The experimental fly diet was prepared with 10% inactive 

dry yeast (Genesee, USA), 2% Drosophila agar type 2 

(Genesee, USA) and either 1%, 5% or 10% sucrose (Carl 

Roth, Germany) to obtain low, standard and high sugar 

diet. Diets were also prepared with 0.3% propionic acid (≥ 

99.5%, Carl Roth, Germany) and 15 ml of a 20% nipagin 

(Genesee, USA) stock solution (prepared with ≥ 99.8% 

EtOH absolute, VWR, USA [w/v]) as preservatives. From 

each of these three diets, a non-supplemented control diet, 

a diet supplemented with 0.1 mM LiCl and a diet 

supplemented with 1 mM LiCl were prepared. For this 

purpose, 5 M LiCl (Merck, Germany) was diluted in 

ddH2O, and the appropriate volumes were added to the 

diets. The higher dose of 1 mM LiCl (equal to 6.9 µg 

Li/L) was chosen based on results previously published by 

Castillo-Quan et al. [29]. Apparently, this concentration 

represented the lowest dose tested, which significantly 

promoted longevity when added to a standard 5% sugar 

diet. The lower dose of 0.1 mM LiCl (equal to 690 µg 

Li/L) was chosen based on the average concentrations 

naturally found in most foods and beverages, which is 

expected to be between 0.2 µg/kg and 3.4 mg/kg (equal to 

1.4 µM - 0.7 mM Li) [80, 81]. 

 

Lifespan experiments 

 

Three-day-old mated female flies of the w1118 or 

sgg1/FM7a fly lines were subjected to lifelong 

treatments with either the low-, medium- or high-sugar 

diet supplemented with or without 0.1 or 1 mM LiCl. 

Flies were transferred to fresh medium every other day. 

Dead flies were counted to calculate the median and 

maximum lifespan (mean age of the last 10% survivors) 

and to compare survival curves by means of the log-

rank (Mantel‒Cox) test. 

 

Protein extraction and Western blotting 

 

Female w1118 flies were administered the appropriate 

diets for one week until whole-body protein samples 

were generated. For this purpose, ten flies per sample 

were homogenized in 200 µL of RIPA lysis buffer 

(prepared as previously specified [57]) at 25 Hz for 7 

min (TissueLyser, Qiagen, Hilden, Germany). Samples 

were incubated on ice for 30 min and thoroughly 

vortexed every 5 min. Next, the samples were 

centrifuged at 16,000 × g and 4° C for 20 min, and the 

protein contents of the supernatant were determined 

using the Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific, Germany). The volumes needed for loading 

40 µg/well were calculated and added to 5 µL of 

reducing ROTI load loading dye (Carl Roth, Germany). 

The samples were heated at 95° C for 5 min and 

transferred to 10-well 4-15% polyacrylamide precast 

gels (Bio-Rad Laboratories, USA). Electrophoresis was 

performed at 80 V within the first 10 min to allow even 

migration of proteins into the gel and continued at 120 

V for an additional 60 min. Next, the gels were exposed 

to UV light for 7 min. The trans-blot turbo transfer 

system (Bio-Rad Laboratories, USA) was used to 

transfer proteins from the activated gel onto a methanol-

treated blotting membrane. The UV protein load was 

quantified, and membranes were blocked using 3% 

BSA (Carl Roth, Germany) in PBS/0.02% Tween 20 

(Sigma‒Aldrich, Germany) for 2 h before the primary 

antibody was added overnight incubation at 4° C. The 

membranes were washed three times for 5 min with 

0.02% Tween 20 in PBS and incubated with the 

secondary antibody diluted in 3% BSA in PBS/0.02% 
Tween 20 for one hour at room temperature. The 

membranes were washed again three times for 10 min 

and developed using SuperSignal Western Blot 
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Substrate (Thermo Fisher Scientific, USA). For each 

approach, phosphorylated protein levels were first 

determined, followed by the determination of total 

protein. With Image Lab 5.0 (Bio-Rad Laboratories, 

USA), the signal intensities of the bands were 

normalized to the UV protein load, and the ratios of 

phosphorylated/total protein were calculated. 

 

The following primary antibodies were used in this 

study: phospho-GSK-3β (Ser9) (D85E12) XP (1:500, 

Cell Signaling Technology, USA, #5558) and anti-

GSK-3 clone 4G-1E (1:500, Merck, Germany, #05-

412). The following secondary antibodies were used: 

Immun-Star goat anti-mouse (GAM)-HRP conjugate 

(1:4000, Bio-Rad Laboratories, USA, #1705047) and 

Immun-Star goat anti-rabbit (GAR)-HRP conjugate 

(1:4000, Bio-Rad Laboratories, USA, #1705046). 

 

Colorimetric analysis of body composition and 

detection of the lithium status 

 

Female w1118 flies were given the different experimental 

diets for a week before being starved on 2% agar for 1.5 

h to ensure intestinal cleansing. The body weight was 

determined using a precision scale, with calculation of 

the average weight of ten flies weighed at once. Then, 

500 µL of PBS/0.05% Triton X-100 (Merck, Germany) 

was added, and the samples were homogenized at 25 Hz 

for 6 min. The homogenates were centrifuged for 5 min 

at 14,000 ×g and 4° C. For protein quantification, the 

untreated supernatant was used. Protein concentrations 

were calculated again using the Pierce BCA Protein 

Assay Kit according to the manufacturer’s protocol. 

Prior to quantification of the triacylglyceride (TAG), 

glucose, trehalose and glycogen contents, 200 µL of 

each sample was heat-inactivated for 10 min at 75° C. 

TAGs were determined via a coupled colorimetric assay 

according to Hildebrandt et al. [82] using the Infinity 

triglycerides liquid stable reagent (Thermo Fisher 

Scientific, Germany). The glucose oxidase/peroxidase-

linked (GOD-PAP, Dialab, Austria) kit was used for 

quantification of all three carbohydrates. For 

quantification of glucose, 20 µL of the heat-inactivated 

sample was added to 200 µL of reagent solution. To 

determine the trehalose content, initially, we added 

prediluted trehalase (Megazyme, Ireland) in PBS (1:20) 

to the heat-inactivated samples at a 1:1 ratio and 

incubated the samples overnight at 37° C. For glycogen 

quantification, 20 µL of the samples were briefly mixed 

in a 1:1 ratio with 0.016 U/mL amyloglucosidase 

(Megazyme, Ireland) prediluted in PBS was also left 

overnight incubation at 37° C. For a standard curve, 

glucose (5–80 mg/ml, Dialab, Austria), trehalose 
dihydrate (10–160 mg/ml, Carl Roth, Germany) and 

glycogen (10–160 mg/ml, Sigma-Aldrich, Germany) 

were used. The latter two standards also underwent the 

appropriate enzyme treatment. For calculation of 

trehalose and glycogen concentrations in each sample, 

the amount of glucose measured in undigested samples 

was subtracted. All samples were incubated for 10 min 

at 37° C, and absorbance was measured at 450 nm. In 

order to capture potential differences regarding the 

lithium status among treatment groups, flies were 

treated, starved and weighed as described above. The 

lithium content of each sample (n=50 flies pooled) was 

determined via inductively coupled plasma mass 

spectrometry ICP-MS at SYNLAB (Jena, Germany) as 

previously described [57, 83]. 

 

RNA isolation 

 

Three-day-old synchronized female flies of the w1118 

strain were treated with the appropriate experimental 

diets for one week until RNA was extracted from 

whole-body lysates. For this approach, ten flies per 

sample were added to RNase-free cups containing 500 

µL of peqGOLD TriFast (VWR, Germany) and 

homogenized for 4.5 min at 25 Hz. Thereafter, RNA 

was extracted according to the peqGOLD TriFast 

manufacturer’s protocol, and RNA concentrations were 

adjusted to 120 ng/µL using DEPC-treated (Merck, 

Germany) water. Prior to sequencing at the Institute of 

Clinical Molecular Biology (IKMB, Kiel, Germany), 

samples were subjected to DNase treatment using the 

DNA-free DNA Removal Kit (Thermo Fisher 

Scientific, Germany) according to the manufacturer’s 

protocol, and samples were readjusted to 100 ng/µL. 

 

RNA sequencing and data analysis 

 

The NovaSeq 6000 Sequencing System (Illumina, USA) 

was used to perform cluster generation and sequencing 

of mRNA samples, generating read lengths of 2 x 50 bp. 

For library preparation, the TruSeq Stranded mRNA 

Prep kit (Illumina, USA) was used. Next, paired-end 

reads were imported to the CLC Genomics Workbench 

version 9.5.2 (Qiagen, Germany) and aligned to the D. 

melanogaster BDGP6 (Berkeley Drosophila Genome 

Project release 6) reference database, and failed reads 

were removed. Differential gene expression analysis was 

performed, and Venn diagrams were created to catch 

overlaps of different comparisons. The online 

bioinformatic Database for Annotation, Visualization 

and Integrated Discovery (DAVID) tool was applied to 

generate functional annotation charts. Heat-maps were 

generated using GraphPad Prism 10.0.2. For 

identification of potential transcription factors with 

overrepresented binding site motifs in sequences of 

coregulated genes obtained from differential gene 
expression analysis, the online tool Pscan Web 1.6 [84] 

was employed (database: JASPAR 2020_NR [85]; 

promotor region specified at transcription start site -450 
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to + 50). Matrix IDs with p-values < 0.05 were 

considered overrepresented. 

 

Statistical analysis 

 

Unless otherwise stated above, all statistical tests were 

performed using Graph Pad Prism 10.0.2. If not stated 

otherwise in the caption, data are presented as the mean 

± standard deviation (SD). Multiple comparisons were 

performed to analyze statistical significance regarding 

lithium- or sucrose-associated effects and p < 0.05 was 

set as threshold for statistical significance. For this 

purpose, the data were analyzed for normal distribution 

(Shapiro‒Wilk test) and homogeneity of variance 

(Kruskal‒Wallis test for non-parametric data or Brown-

Forsythe test for parametric data), and multiple 

comparisons of experimental groups were performed 

based on the outcomes. 

 

Abbreviations 
 

Akt: protein kinase B; BMP: bone morphogenic 

pathway; Dpp: decapentaplegic; EGF: epidermal 

growth factor; EGFR: epidermal growth factor receptor; 

GSK-3: glycogen synthase kinase-3; ICP‒MS: 

inductively-coupled-plasma mass-spectrometry; Mad: 

mothers against Dpp; Nrf-2: Nuclear factor erythroid2-

related factor2; OUT: Operational Taxonomic Unit; 

PCo: principal coordinate; PI3K: Phosphoinositide 3-

kinase; SD: standard deviation; Sgg: Shaggy. 

 

AUTHOR CONTRIBUTIONS 
 

K. J. performed the experiments, evaluated the data, 

prepared the figures and wrote the original draft. K. L. 

and J. v. F. contributed with conceptualization, 

methodology, supervision and analysis of RNA 

sequencing data. T. R. provided resources and assisted 

with data interpretation. G. R. contributed to study 

design, visualizations, project administration and data 

interpretation. All authors discussed the results, 

critically revised and edited the manuscript. 

 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 

 

FUNDING 
 

This study was supported by German Research 

Foundation (project number RI 884/17-1). We thank  

the Graduiertenförderung (Kiel, Schleswig-Holstein, 

Germany) for their financial support in form of a 

scholarship. This article also received financial support 

for publication within the funding program “Open-

Access-Publicationsfonds” Schleswig-Holstein. None of 

the funding sources were involved in the conduct of the 

research or preparation of the article. 

 

REFERENCES 
 
1. Moskalev A, Chernyagina E, Kudryavtseva A, 

Shaposhnikov M. Geroprotectors: A Unified Concept 
and Screening Approaches. Aging Dis. 2017; 8:354–63. 

 https://doi.org/10.14336/AD.2016.1022 
PMID:28580190 

2. Blagosklonny MV. Rapamycin for longevity: opinion 
article. Aging (Albany NY). 2019; 11:8048–67. 

 https://doi.org/10.18632/aging.102355 
PMID:31586989 

3. Piskovatska V, Stefanyshyn N, Storey KB, Vaiserman 
AM, Lushchak O. Metformin as a geroprotector: 
experimental and clinical evidence. Biogerontology. 
2019; 20:33–48. 

 https://doi.org/10.1007/s10522-018-9773-5 
PMID:30255224 

4. Araldi E, Jutzeler CR, Ristow M. Lithium treatment 
extends human lifespan: findings from the UK Biobank. 
Aging (Albany NY). 2023; 15:421–40. 

 https://doi.org/10.18632/aging.204476 
PMID:36640269 

5. Eisenberg T, Knauer H, Schauer A, Büttner S, 
Ruckenstuhl C, Carmona-Gutierrez D, Ring J, Schroeder 
S, Magnes C, Antonacci L, Fussi H, Deszcz L, Hartl R, et 
al. Induction of autophagy by spermidine promotes 
longevity. Nat Cell Biol. 2009; 11:1305–14. 

 https://doi.org/10.1038/ncb1975 PMID:19801973 

6. Zarse K, Terao T, Tian J, Iwata N, Ishii N, Ristow M. Low-
dose lithium uptake promotes longevity in humans and 
metazoans. Eur J Nutr. 2011; 50:387–9. 

 https://doi.org/10.1007/s00394-011-0171-x 
PMID:21301855 

7. Lee KP, Simpson SJ, Clissold FJ, Brooks R, Ballard JW, 
Taylor PW, Soran N, Raubenheimer D. Lifespan and 
reproduction in Drosophila: New insights from 
nutritional geometry. Proc Natl Acad Sci USA. 2008; 
105:2498–503. 

 https://doi.org/10.1073/pnas.0710787105 
PMID:18268352 

8. Biagi E, Franceschi C, Rampelli S, Severgnini M, Ostan 
R, Turroni S, Consolandi C, Quercia S, Scurti M, Monti 
D, Capri M, Brigidi P, Candela M. Gut Microbiota and 
Extreme Longevity. Curr Biol. 2016; 26:1480–5. 

 https://doi.org/10.1016/j.cub.2016.04.016 
PMID:27185560 

9. Castillo-Quan JI, Tain LS, Kinghorn KJ, Li L, Grönke S, 
Hinze Y, Blackwell TK, Bjedov I, Partridge L. A triple 

9322

https://doi.org/10.14336/AD.2016.1022
https://pubmed.ncbi.nlm.nih.gov/28580190
https://doi.org/10.18632/aging.102355
https://pubmed.ncbi.nlm.nih.gov/31586989
https://doi.org/10.1007/s10522-018-9773-5
https://pubmed.ncbi.nlm.nih.gov/30255224
https://doi.org/10.18632/aging.204476
https://pubmed.ncbi.nlm.nih.gov/36640269
https://doi.org/10.1038/ncb1975
https://pubmed.ncbi.nlm.nih.gov/19801973
https://doi.org/10.1007/s00394-011-0171-x
https://pubmed.ncbi.nlm.nih.gov/21301855
https://doi.org/10.1073/pnas.0710787105
https://pubmed.ncbi.nlm.nih.gov/18268352
https://doi.org/10.1016/j.cub.2016.04.016
https://pubmed.ncbi.nlm.nih.gov/27185560


www.aging-us.com 15 AGING 

drug combination targeting components of the 
nutrient-sensing network maximizes longevity. Proc 
Natl Acad Sci USA. 2019; 116:20817–9. 

 https://doi.org/10.1073/pnas.1913212116 
PMID:31570569 

10. Rybakowski JK. Antiviral, immunomodulatory, and 
neuroprotective effect of lithium. J Integr Neurosci. 
2022; 21:68. 

 https://doi.org/10.31083/j.jin2102068  
PMID:35364656 

11. Chiu CT, Chuang DM. Neuroprotective action of lithium 
in disorders of the central nervous system. Zhong Nan 
Da Xue Xue Bao Yi Xue Ban. 2011; 36:461–76. 

 https://doi.org/10.3969/j.issn.1672-7347.2011.06.001 
PMID:21743136 

12. Phiel CJ, Klein PS. Molecular targets of lithium action. 
Annu Rev Pharmacol Toxicol. 2001; 41:789–813. 

 https://doi.org/10.1146/annurev.pharmtox.41.1.789 
PMID:11264477 

13. Klein PS, Melton DA. A molecular mechanism for the 
effect of lithium on development. Proc Natl Acad Sci 
USA. 1996; 93:8455–9. 

 https://doi.org/10.1073/pnas.93.16.8455 
PMID:8710892 

14. Stambolic V, Ruel L, Woodgett JR. Lithium inhibits 
glycogen synthase kinase-3 activity and mimics 
wingless signalling in intact cells. Curr Biol. 1996; 
6:1664–8. 

 https://doi.org/10.1016/s0960-9822(02)70790-2 
PMID:8994831 

15. Mancinelli R, Carpino G, Petrungaro S, Mammola CL, 
Tomaipitinca L, Filippini A, Facchiano A, Ziparo E, 
Giampietri C. Multifaceted Roles of GSK-3 in Cancer 
and Autophagy-Related Diseases. Oxid Med Cell 
Longev. 2017; 2017:4629495. 

 https://doi.org/10.1155/2017/4629495 
PMID:29379583 

16. Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-
3 (GSK3): regulation, actions, and diseases. Pharmacol 
Ther. 2015; 148:114–31. 

 https://doi.org/10.1016/j.pharmthera.2014.11.016 
PMID:25435019 

17. Srivastava P, Saxena AK, Kale RK, Baquer NZ. Insulin 
like effects of lithium and vanadate on the altered 
antioxidant status of diabetic rats. Res Commun Chem 
Pathol Pharmacol. 1993; 80:283–93. 

 PMID:8351410 

18. Haupt DW, Newcomer JW. Abnormalities in glucose 
regulation associated with mental illness and 
treatment. J Psychosom Res. 2002; 53:925–33. 

 https://doi.org/10.1016/s0022-3999(02)00471-3 
PMID:12377305 

19. Zhang F, Phiel CJ, Spece L, Gurvich N, Klein PS. 
Inhibitory phosphorylation of glycogen synthase 
kinase-3 (GSK-3) in response to lithium. Evidence for 
autoregulation of GSK-3. J Biol Chem. 2003; 
278:33067–77. 

 https://doi.org/10.1074/jbc.M212635200 
PMID:12796505 

20. Wong VV, Ho KW, Yap MG. Evaluation of insulin-
mimetic trace metals as insulin replacements in 
mammalian cell cultures. Cytotechnology. 2004; 
45:107–15. 

 https://doi.org/10.1007/s10616-004-6173-2 
PMID:19003248 

21. Rossetti L. Normalization of insulin sensitivity with 
lithium in diabetic rats. Diabetes. 1989; 38:648–52. 

 https://doi.org/10.2337/diab.38.5.648 PMID:2653936 

22. Hermida OG, Fontela T, Ghiglione M, Uttenthal LO. 
Effect of lithium on plasma glucose, insulin and 
glucagon in normal and streptozotocin-diabetic rats: 
role of glucagon in the hyperglycaemic response. Br J 
Pharmacol. 1994; 111:861–5. 

 https://doi.org/10.1111/j.1476-5381.1994.tb14817.x 
PMID:8019763 

23. Hu M, Wu YS, Wu HW. Effects of lithium deficiency in 
some insulin-sensitive tissues of diabetic Chinese 
hamsters. Biol Trace Elem Res. 1997; 58:91–102. 

 https://doi.org/10.1007/BF02910670 PMID:9363324 

24. Freland L, Beaulieu JM. Inhibition of GSK3 by lithium, 
from single molecules to signaling networks. Front Mol 
Neurosci. 2012; 5:14. 

 https://doi.org/10.3389/fnmol.2012.00014 
PMID:22363263 

25. Beaulieu JM, Marion S, Rodriguiz RM, Medvedev IO, 
Sotnikova TD, Ghisi V, Wetsel WC, Lefkowitz RJ, 
Gainetdinov RR, Caron MG. A beta-arrestin 2 signaling 
complex mediates lithium action on behavior. Cell. 
2008; 132:125–36. 

 https://doi.org/10.1016/j.cell.2007.11.041 
PMID:18191226 

26. Snitow ME, Bhansali RS, Klein PS. Lithium and 
Therapeutic Targeting of GSK-3. Cells. 2021; 10:255. 

 https://doi.org/10.3390/cells10020255 
PMID:33525562 

27. Zhou J, Force T. Focusing the spotlight on GSK-3 in 
aging. Aging (Albany NY). 2013; 5:388–9. 

 https://doi.org/10.18632/aging.100568 
PMID:23804600 

28. Evangelisti C, Chiarini F, Paganelli F, Marmiroli S, 
Martelli AM. Crosstalks of GSK3 signaling with the 
mTOR network and effects on targeted therapy of 
cancer. Biochim Biophys Acta Mol Cell Res. 2020; 
1867:118635. 

9323

https://doi.org/10.1073/pnas.1913212116
https://pubmed.ncbi.nlm.nih.gov/31570569
https://doi.org/10.31083/j.jin2102068
https://pubmed.ncbi.nlm.nih.gov/35364656
https://doi.org/10.3969/j.issn.1672-7347.2011.06.001
https://pubmed.ncbi.nlm.nih.gov/21743136
https://doi.org/10.1146/annurev.pharmtox.41.1.789
https://pubmed.ncbi.nlm.nih.gov/11264477
https://doi.org/10.1073/pnas.93.16.8455
https://pubmed.ncbi.nlm.nih.gov/8710892
https://doi.org/10.1016/s0960-9822(02)70790-2
https://pubmed.ncbi.nlm.nih.gov/8994831
https://doi.org/10.1155/2017/4629495
https://pubmed.ncbi.nlm.nih.gov/29379583
https://doi.org/10.1016/j.pharmthera.2014.11.016
https://pubmed.ncbi.nlm.nih.gov/25435019
https://pubmed.ncbi.nlm.nih.gov/8351410
https://doi.org/10.1016/s0022-3999(02)00471-3
https://pubmed.ncbi.nlm.nih.gov/12377305
https://doi.org/10.1074/jbc.M212635200
https://pubmed.ncbi.nlm.nih.gov/12796505
https://doi.org/10.1007/s10616-004-6173-2
https://pubmed.ncbi.nlm.nih.gov/19003248
https://doi.org/10.2337/diab.38.5.648
https://pubmed.ncbi.nlm.nih.gov/2653936
https://doi.org/10.1111/j.1476-5381.1994.tb14817.x
https://pubmed.ncbi.nlm.nih.gov/8019763
https://doi.org/10.1007/BF02910670
https://pubmed.ncbi.nlm.nih.gov/9363324
https://doi.org/10.3389/fnmol.2012.00014
https://pubmed.ncbi.nlm.nih.gov/22363263
https://doi.org/10.1016/j.cell.2007.11.041
https://pubmed.ncbi.nlm.nih.gov/18191226
https://doi.org/10.3390/cells10020255
https://pubmed.ncbi.nlm.nih.gov/33525562
https://doi.org/10.18632/aging.100568
https://pubmed.ncbi.nlm.nih.gov/23804600


www.aging-us.com 16 AGING 

 https://doi.org/10.1016/j.bbamcr.2019.118635 
PMID:31884070 

29. Castillo-Quan JI, Li L, Kinghorn KJ, Ivanov DK, Tain LS, 
Slack C, Kerr F, Nespital T, Thornton J, Hardy J, Bjedov I, 
Partridge L. Lithium Promotes Longevity through 
GSK3/NRF2-Dependent Hormesis. Cell Rep. 2016; 
15:638–50. 

 https://doi.org/10.1016/j.celrep.2016.03.041 
PMID:27068460 

30. McColl G, Killilea DW, Hubbard AE, Vantipalli MC, 
Melov S, Lithgow GJ. Pharmacogenetic analysis of 
lithium-induced delayed aging in Caenorhabditis 
elegans. J Biol Chem. 2008; 283:350–7. 

 https://doi.org/10.1074/jbc.M705028200 
PMID:17959600 

31. Sofola-Adesakin O, Castillo-Quan JI, Rallis C, Tain LS, 
Bjedov I, Rogers I, Li L, Martinez P, Khericha M, 
Cabecinha M, Bähler J, Partridge L. Lithium suppresses 
Aβ pathology by inhibiting translation in an adult 
Drosophila model of Alzheimer’s disease. Front Aging 
Neurosci. 2014; 6:190. 

 https://doi.org/10.3389/fnagi.2014.00190 
PMID:25126078 

32. Piper MD, Partridge L. Drosophila as a model for 
ageing. Biochim Biophys Acta Mol Basis Dis. 2018; 
1864:2707–17. 

 https://doi.org/10.1016/j.bbadis.2017.09.016 
PMID:28964875 

33. Tsurumi A, Li WX. Aging mechanisms-A perspective 
mostly from Drosophila. Adv Genet (Hoboken). 2020; 
1:e10026. 

 https://doi.org/10.1002/ggn2.10026  
PMID:36619249 

 Erratum in: Adv Genet (Hoboken). 2020; 2:e10032. 
 https://doi.org/10.1002/ggn2.10032 PMID:36622646 

34. Baenas N, Wagner AE. Drosophila melanogaster as a 
Model Organism for Obesity and Type-2 Diabetes 
Mellitus by Applying High-Sugar and High-Fat Diets. 
Biomolecules. 2022; 12:307. 

 https://doi.org/10.3390/biom12020307 
PMID:35204807 

35. Solon-Biet SM, McMahon AC, Ballard JW, Ruohonen K, 
Wu LE, Cogger VC, Warren A, Huang X, Pichaud N, 
Melvin RG, Gokarn R, Khalil M, Turner N, et al. The 
ratio of macronutrients, not caloric intake, dictates 
cardiometabolic health, aging, and longevity in ad 
libitum-fed mice. Cell Metab. 2014; 19:418–30. 

 https://doi.org/10.1016/j.cmet.2014.02.009 
PMID:24606899 

36. Nässel DR, Kubrak OI, Liu Y, Luo J, Lushchak OV. Factors 
that regulate insulin producing cells and their output in 
Drosophila. Front Physiol. 2013; 4:252. 

 https://doi.org/10.3389/fphys.2013.00252 
PMID:24062693 

37. Ruel L, Pantesco V, Lutz Y, Simpson P, Bourouis M. 
Functional significance of a family of protein kinases 
encoded at the shaggy locus in Drosophila. EMBO J. 
1993; 12:1657–69. 

 https://doi.org/10.1002/j.1460-2075.1993.tb05811.x 
PMID:8467811 

38. Kasuya J, Kaas GA, Kitamoto T. A putative amino acid 
transporter of the solute carrier 6 family is 
upregulated by lithium and is required for resistance 
to lithium toxicity in Drosophila. Neuroscience. 2009; 
163:825–37. 

 https://doi.org/10.1016/j.neuroscience.2009.07.027 
PMID:19619614 

39. Wu Q, Yu G, Park SJ, Gao Y, Ja WW, Yang M. Excreta 
Quantification (EX-Q) for Longitudinal Measurements 
of Food Intake in Drosophila. iScience. 2020; 
23:100776. 

 https://doi.org/10.1016/j.isci.2019.100776 
PMID:31901635 

40. Ali MA, Kravitz AV. Challenges in quantifying food 
intake in rodents. Brain Res. 2018; 1693:188–91. 

 https://doi.org/10.1016/j.brainres.2018.02.040 
PMID:29903621 

41. Tatar M, Post S, Yu K. Nutrient control of Drosophila 
longevity. Trends Endocrinol Metab. 2014; 25:509–17. 

 https://doi.org/10.1016/j.tem.2014.02.006 
PMID:24685228 

42. Lihoreau M, Poissonnier LA, Isabel G, Dussutour A. 
Drosophila females trade off good nutrition with high-
quality oviposition sites when choosing foods. J Exp 
Biol. 2016; 219:2514–24. 

 https://doi.org/10.1242/jeb.142257 PMID:27284071 

43. Thomsen K, Shirley DG. A hypothesis linking sodium 
and lithium reabsorption in the distal nephron. 
Nephrol Dial Transplant. 2006; 21:869–80. 

 https://doi.org/10.1093/ndt/gfk029 PMID:16410274 

44. Szklarska D, Rzymski P. Is Lithium a Micronutrient? 
From Biological Activity and Epidemiological 
Observation to Food Fortification. Biol Trace Elem Res. 
2019; 189:18–27. 

 https://doi.org/10.1007/s12011-018-1455-2 
PMID:30066063 

45. Dyer J, Hosie KB, Shirazi-Beechey SP. Nutrient 
regulation of human intestinal sugar transporter 
(SGLT1) expression. Gut. 1997; 41:56–9. 

 https://doi.org/10.1136/gut.41.1.56 PMID:9274472 

46. Chiu CT, Wang Z, Hunsberger JG, Chuang DM. 
Therapeutic potential of mood stabilizers lithium and 
valproic acid: beyond bipolar disorder. Pharmacol Rev. 
2013; 65:105–42. 

9324

https://doi.org/10.1016/j.bbamcr.2019.118635
https://pubmed.ncbi.nlm.nih.gov/31884070
https://doi.org/10.1016/j.celrep.2016.03.041
https://pubmed.ncbi.nlm.nih.gov/27068460
https://doi.org/10.1074/jbc.M705028200
https://pubmed.ncbi.nlm.nih.gov/17959600
https://doi.org/10.3389/fnagi.2014.00190
https://pubmed.ncbi.nlm.nih.gov/25126078
https://doi.org/10.1016/j.bbadis.2017.09.016
https://pubmed.ncbi.nlm.nih.gov/28964875
https://doi.org/10.1002/ggn2.10026
https://pubmed.ncbi.nlm.nih.gov/36619249
https://doi.org/10.1002/ggn2.10032
https://pubmed.ncbi.nlm.nih.gov/36622646
https://doi.org/10.3390/biom12020307
https://pubmed.ncbi.nlm.nih.gov/35204807
https://doi.org/10.1016/j.cmet.2014.02.009
https://pubmed.ncbi.nlm.nih.gov/24606899
https://doi.org/10.3389/fphys.2013.00252
https://pubmed.ncbi.nlm.nih.gov/24062693
https://doi.org/10.1002/j.1460-2075.1993.tb05811.x
https://pubmed.ncbi.nlm.nih.gov/8467811
https://doi.org/10.1016/j.neuroscience.2009.07.027
https://pubmed.ncbi.nlm.nih.gov/19619614
https://doi.org/10.1016/j.isci.2019.100776
https://pubmed.ncbi.nlm.nih.gov/31901635
https://doi.org/10.1016/j.brainres.2018.02.040
https://pubmed.ncbi.nlm.nih.gov/29903621
https://doi.org/10.1016/j.tem.2014.02.006
https://pubmed.ncbi.nlm.nih.gov/24685228
https://doi.org/10.1242/jeb.142257
https://pubmed.ncbi.nlm.nih.gov/27284071
https://doi.org/10.1093/ndt/gfk029
https://pubmed.ncbi.nlm.nih.gov/16410274
https://doi.org/10.1007/s12011-018-1455-2
https://pubmed.ncbi.nlm.nih.gov/30066063
https://doi.org/10.1136/gut.41.1.56
https://pubmed.ncbi.nlm.nih.gov/9274472


www.aging-us.com 17 AGING 

 https://doi.org/10.1124/pr.111.005512 
PMID:23300133 

47. Reith P, Braam S, Welkenhuysen N, Lecinski S, 
Shepherd J, MacDonald C, Leake MC, Hohmann S, 
Shashkova S, Cvijovic M. The Effect of Lithium on the 
Budding Yeast Saccharomyces cerevisiae upon Stress 
Adaptation. Microorganisms. 2022; 10:590. 

 https://doi.org/10.3390/microorganisms10030590 
PMID:35336166 

48. Zhu F, Li Q, Zhang F, Sun X, Cai G, Zhang W, Chen X. 
Chronic lithium treatment diminishes the female 
advantage in lifespan in Drosophila melanogaster. Clin 
Exp Pharmacol Physiol. 2015; 42:617–21. 

 https://doi.org/10.1111/1440-1681.12393 
PMID:25810251 

49. Guilliot S, Gauthier S, Touchon J, Soto ME. Lithium, a 
Treatment Option for Alzheimer’s Disease? A Review 
of Existing Evidence and Discussion on Future 
Perspectives. J Alzheimers Dis. 2023; 96:473–82. 

 https://doi.org/10.3233/JAD-230568  
PMID:37781804 

50. Yan Z, Cao X, Sun S, Sun B, Gao J. Inhibition of GSK3B 
phosphorylation improves glucose and lipid 
metabolism disorder. Biochim Biophys Acta Mol Basis 
Dis. 2023; 1869:166726. 

 https://doi.org/10.1016/j.bbadis.2023.166726 
PMID:37146915 

51. Huang J, Wang P, Wu Y, Zeng L, Ji X, Zhang X, Wu M, 
Tong H, Yang Y. Rapid determination of triglyceride and 
glucose levels in Drosophila melanogaster induced by 
high-sugar or high-fat diets based on near-infrared 
spectroscopy. Heliyon. 2023; 9:e17389. 

 https://doi.org/10.1016/j.heliyon.2023.e17389 
PMID:37426790 

52. Nasiri Moghadam N, Holmstrup M, Manenti T, Brandt 
Mouridsen M, Pertoldi C, Loeschcke V. The Role of 
Storage Lipids in the Relation between Fecundity, 
Locomotor Activity, and Lifespan of Drosophila 
melanogaster Longevity-Selected and Control Lines. 
PLoS One. 2015; 10:e0130334. 

 https://doi.org/10.1371/journal.pone.0130334 
PMID:26115349 

53. van der Velde CD, Gordon MW. Manic-depressive 
illness, diabetes mellitus, and lithium carbonate. Arch 
Gen Psychiatry. 1969; 21:478–85. 

 https://doi.org/10.1001/archpsyc.1969.017402200940
11 PMID:5807757 

54. Zhong J, Lee WH. Lithium: a novel treatment for 
Alzheimer’s disease? Expert Opin Drug Saf. 2007; 
6:375–83. 

 https://doi.org/10.1517/14740338.6.4.375 
PMID:17688381 

55. Szablewski L. Glucose Transporters in Brain: In Health 
and in Alzheimer's Disease. J Alzheimers Dis. 2017; 
55:1307–20. 

 https://doi.org/10.3233/JAD-160841  
PMID:27858715 

56. Cavaliere V, Bernardi F, Romani P, Duchi S, Gargiulo G. 
Building up the Drosophila eggshell: first of all the 
eggshell genes must be transcribed. Dev Dyn. 2008; 
237:2061–72. 

 https://doi.org/10.1002/dvdy.21625  
PMID:18651659 

57. Jans K, Lüersen K, von Frieling J, Roeder T, Rimbach G. 
Dietary lithium stimulates female fecundity in 
Drosophila melanogaster. Biofactors. 2024; 50:326–46. 

 https://doi.org/10.1002/biof.2007  
PMID:37706424 

58. Rybak AP, Bristow RG, Kapoor A. Prostate cancer stem 
cells: deciphering the origins and pathways involved in 
prostate tumorigenesis and aggression. Oncotarget. 
2015; 6:1900–19. 

 https://doi.org/10.18632/oncotarget.2953 
PMID:25595909 

59. Buff E, Carmena A, Gisselbrecht S, Jiménez F, 
Michelson AM. Signalling by the Drosophila epidermal 
growth factor receptor is required for the specification 
and diversification of embryonic muscle progenitors. 
Development. 1998; 125:2075–86. 

 https://doi.org/10.1242/dev.125.11.2075 
PMID:9570772 

60. Lusk JB, Lam VY, Tolwinski NS. Epidermal Growth 
Factor Pathway Signaling in Drosophila Embryogenesis: 
Tools for Understanding Cancer. Cancers (Basel). 2017; 
9:16. 

 https://doi.org/10.3390/cancers9020016 
PMID:28178204 

61. Sênos Demarco R, Uyemura BS, Jones DL. EGFR 
Signaling Stimulates Autophagy to Regulate Stem Cell 
Maintenance and Lipid Homeostasis in the Drosophila 
Testis. Cell Rep. 2020; 30:1101–16.e5. 

 https://doi.org/10.1016/j.celrep.2019.12.086 
PMID:31995752 

62. Song X, Zhu CH, Doan C, Xie T. Germline stem cells 
anchored by adherens junctions in the Drosophila 
ovary niches. Science. 2002; 296:1855–7. 

 https://doi.org/10.1126/science.1069871 
PMID:12052957 

63. Witkowska M, Smolewski P. [SMAD family proteins: 
the current knowledge on their expression and 
potential role in neoplastic diseases]. Postepy Hig Med 
Dosw (Online). 2014; 68:301–9. 

 https://doi.org/10.5604/17322693.1094726 
PMID:24662798 

9325

https://doi.org/10.1124/pr.111.005512
https://pubmed.ncbi.nlm.nih.gov/23300133
https://doi.org/10.3390/microorganisms10030590
https://pubmed.ncbi.nlm.nih.gov/35336166
https://doi.org/10.1111/1440-1681.12393
https://pubmed.ncbi.nlm.nih.gov/25810251
https://doi.org/10.3233/JAD-230568
https://pubmed.ncbi.nlm.nih.gov/37781804
https://doi.org/10.1016/j.bbadis.2023.166726
https://pubmed.ncbi.nlm.nih.gov/37146915
https://doi.org/10.1016/j.heliyon.2023.e17389
https://pubmed.ncbi.nlm.nih.gov/37426790
https://doi.org/10.1371/journal.pone.0130334
https://pubmed.ncbi.nlm.nih.gov/26115349
https://doi.org/10.1001/archpsyc.1969.01740220094011
https://doi.org/10.1001/archpsyc.1969.01740220094011
https://pubmed.ncbi.nlm.nih.gov/5807757
https://doi.org/10.1517/14740338.6.4.375
https://pubmed.ncbi.nlm.nih.gov/17688381
https://doi.org/10.3233/JAD-160841
https://pubmed.ncbi.nlm.nih.gov/27858715
https://doi.org/10.1002/dvdy.21625
https://pubmed.ncbi.nlm.nih.gov/18651659
https://doi.org/10.1002/biof.2007
https://pubmed.ncbi.nlm.nih.gov/37706424
https://doi.org/10.18632/oncotarget.2953
https://pubmed.ncbi.nlm.nih.gov/25595909
https://doi.org/10.1242/dev.125.11.2075
https://pubmed.ncbi.nlm.nih.gov/9570772
https://doi.org/10.3390/cancers9020016
https://pubmed.ncbi.nlm.nih.gov/28178204
https://doi.org/10.1016/j.celrep.2019.12.086
https://pubmed.ncbi.nlm.nih.gov/31995752
https://doi.org/10.1126/science.1069871
https://pubmed.ncbi.nlm.nih.gov/12052957
https://doi.org/10.5604/17322693.1094726
https://pubmed.ncbi.nlm.nih.gov/24662798


www.aging-us.com 18 AGING 

64. Quijano JC, Stinchfield MJ, Newfeld SJ. Wg signaling 
via Zw3 and mad restricts self-renewal of sensory 
organ precursor cells in Drosophila. Genetics. 2011; 
189:809–24. 

 https://doi.org/10.1534/genetics.111.133801 
PMID:21868604 

65. Moulton MJ, Humphreys GB, Kim A, Letsou A. O-
GlcNAcylation Dampens Dpp/BMP Signaling to Ensure 
Proper Drosophila Embryonic Development. Dev Cell. 
2020; 53:330–43.e3. 

 https://doi.org/10.1016/j.devcel.2020.04.001 
PMID:32369743 

66. Shcherbata HR, Ward EJ, Fischer KA, Yu JY, Reynolds 
SH, Chen CH, Xu P, Hay BA, Ruohola-Baker H. Stage-
specific differences in the requirements for germline 
stem cell maintenance in the Drosophila ovary. Cell 
Stem Cell. 2007; 1:698–709. 

 https://doi.org/10.1016/j.stem.2007.11.007 
PMID:18213359 

67. McCabe BD, Hom S, Aberle H, Fetter RD, Marques G, 
Haerry TE, Wan H, O’Connor MB, Goodman CS, 
Haghighi AP. Highwire regulates presynaptic BMP 
signaling essential for synaptic growth. Neuron. 2004; 
41:891–905. 

 https://doi.org/10.1016/s0896-6273(04)00073-x 
PMID:15046722 

68. Tracy Cai X, Li H, Safyan A, Gawlik J, Pyrowolakis G, 
Jasper H. AWD regulates timed activation of BMP 
signaling in intestinal stem cells to maintain tissue 
homeostasis. Nat Commun. 2019; 10:2988. 

 https://doi.org/10.1038/s41467-019-10926-2 
PMID:31278345 

69. Shekaran S, Sharma RP. Phenol-induced phenocopies 
of shaker-a neurological mutant of Drosophila 
melanogaster. Drosophila Information Service. 1983; 
59:110–11. 

 https://www.ou.edu/journals/dis/DIS59/DIS59.html 

70. Luschnig S, Moussian B, Krauss J, Desjeux I, Perkovic J, 
Nüsslein-Volhard C. An F1 genetic screen for maternal-
effect mutations affecting embryonic pattern 
formation in Drosophila melanogaster. Genetics. 2004; 
167:325–42. 

 https://doi.org/10.1534/genetics.167.1.325 
PMID:15166158 

71. Redhai S, Hellberg JE, Wainwright M, Perera SW, 
Castellanos F, Kroeger B, Gandy C, Leiblich A, Corrigan 
L, Hilton T, Patel B, Fan SJ, Hamdy F, et al. Regulation of 
Dense-Core Granule Replenishment by Autocrine BMP 
Signalling in Drosophila Secondary Cells. PLoS Genet. 
2016; 12:e1006366. 

 https://doi.org/10.1371/journal.pgen.1006366 
PMID:27727275 

72. Bai H, Kang P, Hernandez AM, Tatar M. Activin 
signaling targeted by insulin/dFOXO regulates aging 
and muscle proteostasis in Drosophila. PLoS Genet. 
2013; 9:e1003941. 

 https://doi.org/10.1371/journal.pgen.1003941 
PMID:24244197 

73. Deignan L, Pinheiro MT, Sutcliffe C, Saunders A, 
Wilcockson SG, Zeef LA, Donaldson IJ, Ashe HL. 
Regulation of the BMP Signaling-Responsive 
Transcriptional Network in the Drosophila Embryo. 
PLoS Genet. 2016; 12:e1006164. 

 https://doi.org/10.1371/journal.pgen.1006164 
PMID:27379389 

74. Haack S, Seeringer A, Thürmann PA, Becker T, 
Kirchheiner J. Sex-specific differences in side effects  
of psychotropic drugs: genes or gender? 
Pharmacogenomics. 2009; 10:1511–26. 

 https://doi.org/10.2217/pgs.09.102 PMID:19761372 

75. Valdés JJ, Weeks OI. Combined estradiol and lithium 
increase ER-alpha mRNA in embryonic C57BL/6J 
primary hippocampal cultures. Acta Neurobiol Exp 
(Wars). 2010; 70:297–302. 

 https://doi.org/10.55782/ane-2010-1801 
PMID:20871649 

76. Gunin AG, Emelianov VU, Mironkin IU, Morozov MP, 
Tolmachev AS. Lithium treatment enhances estradiol-
induced proliferation and hyperplasia formation in the 
uterus of mice. Eur J Obstet Gynecol Reprod Biol. 2004; 
114:83–91. 

 https://doi.org/10.1016/j.ejogrb.2003.09.023 
PMID:15099877 

77. Wong R, Piper MD, Wertheim B, Partridge L. 
Quantification of food intake in Drosophila. PLoS One. 
2009; 4:e6063. 

 https://doi.org/10.1371/journal.pone.0006063 
PMID:19557170 

78. Hajek T, Weiner MW. Neuroprotective Effects of 
Lithium in Human Brain? Food for Thought. Curr 
Alzheimer Res. 2016; 13:862–72. 

 https://doi.org/10.2174/1567205013666160219112712 
PMID:26892290 

79. Ferensztajn-Rochowiak E, Rybakowski JK. The effect of 
lithium on hematopoietic, mesenchymal and neural 
stem cells. Pharmacol Rep. 2016; 68:224–30. 

 https://doi.org/10.1016/j.pharep.2015.09.005 
PMID:26922521 

80. Schrauzer GN. Lithium: occurrence, dietary intakes, 
nutritional essentiality. J Am Coll Nutr. 2002; 21:14–21. 

 https://doi.org/10.1080/07315724.2002.10719188 
PMID:11838882 

81. Seidel U, Baumhof E, Hägele FA, Bosy-Westphal A, 
Birringer M, Rimbach G. Lithium-Rich Mineral Water is 

9326

https://doi.org/10.1534/genetics.111.133801
https://pubmed.ncbi.nlm.nih.gov/21868604
https://doi.org/10.1016/j.devcel.2020.04.001
https://pubmed.ncbi.nlm.nih.gov/32369743
https://doi.org/10.1016/j.stem.2007.11.007
https://pubmed.ncbi.nlm.nih.gov/18213359
https://doi.org/10.1016/s0896-6273(04)00073-x
https://pubmed.ncbi.nlm.nih.gov/15046722
https://doi.org/10.1038/s41467-019-10926-2
https://pubmed.ncbi.nlm.nih.gov/31278345/
https://www.ou.edu/journals/dis/DIS59/DIS59.html
https://doi.org/10.1534/genetics.167.1.325
https://pubmed.ncbi.nlm.nih.gov/15166158
https://doi.org/10.1371/journal.pgen.1006366
https://pubmed.ncbi.nlm.nih.gov/27727275
https://doi.org/10.1371/journal.pgen.1003941
https://pubmed.ncbi.nlm.nih.gov/24244197
https://doi.org/10.1371/journal.pgen.1006164
https://pubmed.ncbi.nlm.nih.gov/27379389
https://doi.org/10.2217/pgs.09.102
https://pubmed.ncbi.nlm.nih.gov/19761372
https://doi.org/10.55782/ane-2010-1801
https://pubmed.ncbi.nlm.nih.gov/20871649
https://doi.org/10.1016/j.ejogrb.2003.09.023
https://pubmed.ncbi.nlm.nih.gov/15099877
https://doi.org/10.1371/journal.pone.0006063
https://pubmed.ncbi.nlm.nih.gov/19557170
https://doi.org/10.2174/1567205013666160219112712
https://pubmed.ncbi.nlm.nih.gov/26892290
https://doi.org/10.1016/j.pharep.2015.09.005
https://pubmed.ncbi.nlm.nih.gov/26922521
https://doi.org/10.1080/07315724.2002.10719188
https://pubmed.ncbi.nlm.nih.gov/11838882


www.aging-us.com 19 AGING 

a Highly Bioavailable Lithium Source for Human 
Consumption. Mol Nutr Food Res. 2019; 63:e1900039. 

 https://doi.org/10.1002/mnfr.201900039 
PMID:31051049 

82. Hildebrandt A, Bickmeyer I, Kühnlein RP. Reliable 
Drosophila body fat quantification by a coupled 
colorimetric assay. PLoS One. 2011; 6:e23796. 

 https://doi.org/10.1371/journal.pone.0023796 
PMID:21931614 

83. Seidel U, Jans K, Hommen N, Ipharraguerre IR, Lüersen 
K, Birringer M, Rimbach G. Lithium Content of 160 
Beverages and Its Impact on Lithium Status 
in Drosophila melanogaster. Foods. 2020; 9:795. 

 https://doi.org/10.3390/foods9060795 
PMID:32560287 

84. Zambelli F, Pesole G, Pavesi G. Pscan: finding over-
represented transcription factor binding site motifs in 
sequences from co-regulated or co-expressed genes. 
Nucleic Acids Res. 2009; 37:W247–52. 

 https://doi.org/10.1093/nar/gkp464  
PMID:19487240 

85. Sandelin A, Alkema W, Engström P, Wasserman WW, 
Lenhard B. JASPAR: an open-access database for 
eukaryotic transcription factor binding profiles. Nucleic 
Acids Res. 2004; 32:D91–4. 

 https://doi.org/10.1093/nar/gkh012  
PMID:14681366 

  

9327

https://doi.org/10.1002/mnfr.201900039
https://pubmed.ncbi.nlm.nih.gov/31051049
https://doi.org/10.1371/journal.pone.0023796
https://pubmed.ncbi.nlm.nih.gov/21931614
https://doi.org/10.3390/foods9060795
https://pubmed.ncbi.nlm.nih.gov/32560287
https://doi.org/10.1093/nar/gkp464
https://pubmed.ncbi.nlm.nih.gov/19487240
https://doi.org/10.1093/nar/gkh012
https://pubmed.ncbi.nlm.nih.gov/14681366


www.aging-us.com 20 AGING 

SUPPLEMENTARY MATERIALS 

 

Supplementary Figures 

 

 

 

 

 
 

Supplementary Figure 1. sgg1FM7a survival is not affected by dietary lithium added to a 5% or 10% diet. Survival curves of 
female sgg1FM7a flies receiving 0.1 or 1 mM LiCl were not affected when supplemented to a 5% sucrose diet (A) or a 10% sucrose diet (B). 
Survival curves were compared using the Log-Rank Mantel-Cox test (p ≤ 0.05). 
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Supplementary Figure 2. Lithium and sucrose alter transcript levels of genes involved with EGF, Immune-like fold and cell 
adhesion in female w1118. Functional annotation of co-regulated genes differentially expressed in response to either elevating the dietary 

sucrose content by a factor of 10 or by supplementing 1 mM LiCl to the 1% sucrose diet (as listed in Supplementary Table 3.) revealed 
significant clusters regarding the following terms: epidermal growth factor (EGF) (A), immune-like fold (B) and cell adhesion (C) (Scale shows 
log2 fold changes of differentially expressed genes according to FDR p ≤ 0.05). 
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Supplementary Figure 3. Higher feed intake due to low dietary sugar did not translate into higher lithium status in female 
w1118. (A) The Excreta quantification assay revealed that lithium and sucrose both affect the feeding rate (Kruskal-Wallis test, *p ≤ 0.05). (B) 
Despite the higher feeding rate, the daily sugar intake was still significantly lower in flies receiving 1% sucrose compared to flies administered 
10% sucrose diets (Kruskal-Wallis test, ****p ≤ 0.0001). (C) Higher feeding rates did not translate into a higher lithium status in flies receiving 
1% sucrose (Unpaired t-test, **p ≤ 0.01). Data is given as mean ± SD, n = 13 - 14 with each n comprising 20 female w1118). 
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Supplementary Tables 
 

 

Supplementary Table 1. Key resource table. 

Reagent or resource Source Identifier 

Modified Organisms   

w1118 Bloomington Drosophila Stock Center Cat#5905 

sgg1/FM7a/Dp(1;2;Y)w+ Bloomington Drosophila Stock Center Cat#4095 

Antibodies   

Anti-GSK-3 clone 4G-1E Merck Cat#05-412 

Phospho-GSK-3β (Ser9) Rabbit mAb  Cell signaling Technology Cat#5558 

Immun-Star goat anti-mouse (GAM)-HRP 

conjugate 
Bio-Rad Laboratories Cat#1705047 

Immun-Star goat anti-rabbit Bio-Rad Laboratories Cat#1705046 

Chemicals and kits   

Inactive dry yeast Genesee Cat#62-107 

Drosophila agar type 2 Genesee Cat#66-103 

D(+)-sucrose Carl Roth Cat#4621.2; CAS-ID: 57-50-1 

Propionic Acid Carl Roth Cat#6026.1; CAS-ID: 79-09-4 

Nipagin/Tegosept Genesee Cat# 20-258 

EtOH absolute VWR Cat#20821.296; CAS-ID: 64-17-5 

Lithium chloride Merck Cat#105679; CAS-ID: 7447-41-8 

ROTI load loading dye Carl Roth Cat#K929.1 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific Cat#23225 

Polyacrylamide (4 - 15%) precast gels  Bio-Rad Laboratories Cat#4561083EDU 

Methanol ≥99% VWR Cat#L13255.AP; CAS-ID: 67-56-1 

Bovine serum albumin (BSA) Carl Roth Cat#T844.3; CAS-ID: 9048-46-8 

Tween20 Merck Cat#P9416-50ML; CAS-ID: 9005-64-5 

SuperSignal Western Blot Substrate Thermo Fisher Scientific Cat#A43841 

Triton X100 Merck Cat#X100-5ML; CAS-ID: 9036-19-5 

Infinity triglycerides liquid stable reagent Thermo Fisher Scientific Cat#TR22421 

Glucose oxidase/peroxidase-linked (GOD-PAP) kit Dialab Cat#D08220 

Trehalase (taken from the Kit) Megazyme Cat#K-TREH 

Amyloglucosidase (taken from the Kit) Megazyme Cat#E-AMGDFNG-20ML 

Trehalose dihydrate Carl Roth Cat#5151.3; CAS-ID: 6138-23-4 

Glycogen Sigma Aldrich Cat#10901393001 

peqGOLD TriFast VWR Cat#30-2010 

Diethylpyrocarbonat (DEPC) Merck Cat#D5758; CAS-ID: 1609-47-8 

DNA-free DNA Removal Kit Thermo Fisher Scientific Cat#AM1906 

TruSeq Stranded mRNA Preb kit Illumina Cat#20020595 

sodium hypochlorite (5-10 %) Carl Roth Cat#6846.1; CAS-ID: 7681-52-9 

DNeasy Blood & Tissue Kit Qiagen Cat#69504 

qPCRBIO SyGreen kit PCR Biosystems Cat#PB25.11-03 

Online tools and software   

Image Lab 5.0 Bio-Rad Laboratories https://www.bio-rad.com 

CLC Genomics Workbench version 9.5.2 Qiagen https://digitalinsights.qiagen.com/ 

Database for Annotation, Visualization and 

Integrated Discovery (DAVID) 
National Institutes of Health, USA https://david.ncifcrf.gov/tools.jsp 

GraphPad Prism 10.0.2 GraphPad software https://www.graphpad.com/ 

Pscan Web 1.6 Bio.tools, supported by ELIXIR http://159.149.160.88/pscan/ 

CLC Genomics Workbench 21.0.3 Qiagen https://digitalinsights.qiagen.com/ 

Technical equipment   

TissueLyser II Qiagen N/A 

trans-blot turbo transfer system Bio-Rad Laboratories Cat#17001918 
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NovaSeq 6000 Sequencing System Illumina https://emea.illumina.com 

Invitrogen Qubit 4 fluorometer Thermo Fisher Scientific Cat#15723679 

GeneAmp PCR system 9700 Applied Biosystems Cat#4426825 

 

Supplementary Table 2. Transcription factor binding site analysis. 

Matrix ID Symbol Name P-value 

MA0535.1 Mad Mothers against Dpp 3.54 E-16 

MA1700.1 Clamp Chromatin-linked adaptor for MSL proteins 6.41 E-16 

MA0205.2 Trl Trithorax-like 8.38 E-13 

MA0213.1 brk brinker 5.92 E-09 

MA0449.1 h hairy 1.37 E-07 

MA0185.1 Deaf1 Deformed epidermal autoregulatory factor-1 1.46 E-07 

MA0443.1 btd buttonhead 3.11 E-06 

MA0247.2 tin tinman 4.54 E-06 

MA0456.1 opa odd paired 1.16 E-05 

MA0255.1 z zeste 1.22 E-05 

MA0016.1 usp ultraspiracle 4.02 E-05 

MA0450.1 hkb huckebein 0.0003 

MA0023.1 dl(var.2) dorsal 0.00052 

MA0917.1 gcm2 glial cells missing 2 0.0012 

MA0193.1 schlank schlank 0.0042 

MA0086.2 sna snail 0.02 

MA1461.1 sv shaven 0.03 

Co-regulated genes of the overlap in Figure 5 were analyzed for the prevalence of 
transcription factor binding sites, revealing high frequency of sequences assigned to 
Mothers against Dpp (Mad) in female w1118. 

 

Supplementary Table 3. Functional annotation chart. 

Category Term Count % p-value Benjamini 

GOTERM_CC_DIRECT chorion 20 61.7 1.4 E-18 2.2 E-16 

GOTERM_CC_DIRECT integral component of plasma membrane 47 45.3 1.1 E-11 9.1 E-10 

UP_SEQ_FEATURE COMPBIAS:Polar residues 214 39.6 3.4 E-09 2.1 E-06 

UP_SEQ_FEATURE COMPBIAS:Pro residues 53 34.1 4.8 E-08 1.5 E-05 

UP_KW_CELLULAR_COMPONENT Membrane 161 31.8 2.2 E-06 4.8 E-05 

UP_KW_CELLULAR_COMPONENT Secreted 31 30.7 1.8 E-05 2.0 E-04 

GOTERM_CC_DIRECT extracellular region 41 26.1 4.1 E-06 2.2 E-04 

INTERPRO Immunoglobulin-like fold 23 11.2 4.9 E-07 2.7 E-04 

UP_KW_BIOLOGICAL_PROCESS Vision 11 11.2 5.6 E-06 2.8 E-04 

UP_KW_DOMAIN Signal 187 10.4 2.3 E-05 4.9 E-04 

GOTERM_CC_DIRECT synapse 19 10 1.2 E-05 4.9 E-04 

UP_KW_PTM Disulfide bond 53 8.7 4.5 E-05 5.0 E-04 

INTERPRO Immunoglobulin subtype 2 16 8.7 2.5 E-06 5.9 E-04 

INTERPRO Immunoglobulin subtype 16 8.3 3.5 E-06 5.9 E-04 

INTERPRO Epidermal growth factor-like domain 13 7.4 4.5 E-06 5.9 E-04 

INTERPRO Immunoglobulin I-set 13 6.8 5.2 E-06 5.9 E-04 

UP_KW_MOLECULAR_FUNCTION Retinal protein 5 6.6 1.1 E-05 6.2 E-04 

UP_KW_MOLECULAR_FUNCTION Photoreceptor protein 5 4.9 2.5 E-05 7.1 E-04 

INTERPRO Immunoglobulin-like domain 17 4.2 7.7 E-06 7.2 E-04 

UP_SEQ_FEATURE COMPBIAS:Basic and acidic residues 150 4 3.7 E-06 7.8 E-04 
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INTERPRO Concanavalin A-like lectin/glucanase, 

subgroup 

11 3.6 1.6 E-05 1.3 E-03 

UP_SEQ_FEATURE TRANSMEM:Helical 145 3.4 8.5 E-06 1.3 E-03 

UP_KW_PTM Glycoprotein 49 3.4 2.6 E-04 1.4 E-03 

SMART EGF 13 3.4 1.0 E-05 1.6 E-03 

SMART IGc2 16 3.4 2.7 E-05 2.0 E-03 

SMART IG 16 3.4 3.8 E-05 2.0 E-03 

UP_SEQ_FEATURE CARBOHYD:N-linked (GlcNAc...) asparagine 39 3.2 1.9 E-05 2.2 E-03 

UP_SEQ_FEATURE TOPO_DOM:Extracellular 32 2.8 2.1 E-05 2.2 E-03 

INTERPRO Fibronectin, type III 11 2.8 3.4 E-05 2.3 E-03 

INTERPRO Visual pigments (opsins) retinal binding site 5 2.8 3.7 E-05 2.3 E-03 

GOTERM_CC_DIRECT integral component of membrane 123 2.3 1.1 E-04 3.6 E-03 

UP_SEQ_FEATURE DOMAIN:EGF-like 11 2.3 6.0 E-05 5.4 E-03 

GOTERM_BP_DIRECT multicellular organism development 10 2.3 9.7 E-06 8.5 E-03 

GOTERM_CC_DIRECT neuromuscular junction 11 2.3 3.7 E-04 9.8 E-03 

UP_KW_LIGAND Chromophore 5 2.3 4.8 E-04 1.1 E-02 

UP_SEQ_FEATURE COMPBIAS:Basic residues 41 2.1 1.7 E-04 1.3 E-02 

UP_SEQ_FEATURE DOMAIN:Ig-like 15 2.1 1.8 E-04 1.3 E-02 

UP_KW_BIOLOGICAL_PROCESS Cell adhesion 9 1.9 6.4 E-04 1.6 E-02 

INTERPRO Laminin G domain 6 1.9 2.9 E-04 1.6 E-02 

SMART LamG 6 1.9 4.3 E-04 1.7 E-02 

UP_SEQ_FEATURE TOPO_DOM:Cytoplasmic 35 1.9 2.7 E-04 1.7 E-02 

UP_SEQ_FEATURE DOMAIN:Fibronectin type-III 9 1.9 3.0 E-04 1.7 E-02 

UP_KW_DOMAIN Immunoglobulin domain 7 1.9 1.7 E-03 1.8 E-02 

KEGG_PATHWAY Lysosome 9 1.5 3.8 E-04 1.8 E-02 

SMART FN3 9 1.5 5.9 E-04 1.8 E-02 

UP_SEQ_FEATURE REGION:Disordered 291 1.3 4.0 E-04 2.1 E-02 

GOTERM_MF_DIRECT G-protein coupled photoreceptor activity 5 1.3 6.3 E-05 2.3 E-02 

GOTERM_BP_DIRECT visual perception 10 1.3 6.3 E-05 2.7 E-02 

GOTERM_CC_DIRECT cytoskeleton of presynaptic active zone 4 1.1 1.6 E-03 3.3 E-02 

GOTERM_CC_DIRECT presynaptic active zone 6 1.1 1.7 E-03 3.3 E-02 

GOTERM_BP_DIRECT protein-chromophore linkage 5 1.1 1.4 E-04 3.7 E-02 

GOTERM_BP_DIRECT axon guidance 16 1.1 1.8 E-04 3.7 E-02 

GOTERM_BP_DIRECT chorion-containing eggshell formation 7 1.1 2.1 E-04 3.7 E-02 

GOTERM_BP_DIRECT neuromuscular synaptic transmission 9 1.1 2.6 E-04 3.8 E-02 

UP_KW_CELLULAR_COMPONENT Synapse 9 0.8 6.2 E-03 4.5 E-02 

SMART LamG 6 1.9 4.3 E-04 1.7 E-02 

UP_SEQ_FEATURE TOPO_DOM:Cytoplasmic 35 1.9 2.7 E-04 1.7 E-02 

UP_SEQ_FEATURE DOMAIN:Fibronectin type-III 9 1.9 3.0 E-04 1.7 E-02 

UP_KW_DOMAIN Immunoglobulin domain 7 1.9 1.7 E-03 1.8 E-02 

KEGG_PATHWAY Lysosome 9 1.5 3.8 E-04 1.8 E-02 

SMART FN3 9 1.5 5.9 E-04 1.8 E-02 

UP_SEQ_FEATURE REGION:Disordered 291 1.3 4.0 E-04 2.1 E-02 

GOTERM_MF_DIRECT G-protein coupled photoreceptor activity 5 1.3 6.3 E-05 2.3 E-02 

GOTERM_BP_DIRECT visual perception 10 1.3 6.3 E-05 2.7 E-02 

GOTERM_CC_DIRECT cytoskeleton of presynaptic active zone 4 1.1 1.6 E-03 3.3 E-02 

GOTERM_CC_DIRECT presynaptic active zone 6 1.1 1.7 E-03 3.3 E-02 

GOTERM_BP_DIRECT protein-chromophore linkage 5 1.1 1.4 E-04 3.7 E-02 

GOTERM_BP_DIRECT axon guidance 16 1.1 1.8 E-04 3.7 E-02 

GOTERM_BP_DIRECT chorion-containing eggshell formation 7 1.1 2.1 E-04 3.7 E-02 

GOTERM_BP_DIRECT neuromuscular synaptic transmission 9 1.1 2.6 E-04 3.8 E-02 

UP_KW_CELLULAR_COMPONENT Synapse 9 0.8 6.2 E-03 4.5 E-02 

Genes of the overlap in Figure 5 were analyzed for the functional annotation (female w1118). Only statistically significant 
clusters are given (Benjamini p < 0.05). 
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