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Abstract: Amyotrophic Lateral Sclerosis (ALS) is an irreversible neurodegenerative 

disease with no known cure. Recent studies suggest a strong metabolic component in ALS 

pathogenesis and have shown an inverse relationship between leptin levels and ALS 

progression, although the effects of leptin as a treatment have not yet been studied. 

Therefore, we aim to examine whether the acute treatment with leptin has beneficial 

effects on brain pathology and cognitive function in the transgenic TDP43A315T line of 

ALS. Mice were treated intranasally (IN) with 0.03mg/kg of leptin or vehicle (VH) daily 

for 7 days. Data showed a progressive decline in body weight and motor coordination in 

TDP43A315T mice. Moreover, Lep-treated TDP43A315T mice showed an earlier disease 
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onset, along with an improvement in motor performance. Altered levels of some of the 

adipokines and metabolic proteins studied were found in TDP43A315T mice, which were 

differently expressed among Lep-treated and VH-treated animals. Furthermore, some 

correlations were found among the serum levels of this proteins in WT and TDP43A315T 

mice. As far as we know, this is the first pilot study to provide evidence of the therapeutic 

effect of leptin treatment in a mice model of ALS, although further studies are needed to 

expound on the underlying mechanisms. 

 

Keywords: Leptin; Metabolism; Amyotrophic Lateral Sclerosis (ALS); TAR DNA 

binding protein (TDP-43). 
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1. INTRODUCTION 

Amyotrophic Lateral Sclerosis (ALS) is an irreversible neurodegenerative disease 

characterized by the selective and progressive loss of motor neurons of both the brain and 

spinal cord [1]. ALS represents a significant socio-economic problem worldwide with 

prevalence rates of 5 per 100,000 in the USA and 2-3 per 100,000 in Europe [2]. The loss 

of motor neurons leads to paralysis and, ultimately, death within 3-5 years of symptom 

onset. There is no known cure for ALS and, currently, there are only two disease-

modifying drugs approved by the USA Food and Drug Administration, riluzole and 

edaravone, both with modest benefits on survival [3, 4]. 

Recent studies suggest there is a strong metabolic component in ALS pathogenesis, being 

that the majority of patients show hypermetabolism, rapid weight loss, and low body mass 

index [5-7]. Moreover, even though obesity represents the second preventable mortality 

cause worldwide [8], there is growing evidence that being overweight or obese provides 

a survival advantage in ALS patients [9]. In contrast, the majority of ALS patients (16-

55%) suffer from malnutrition, which has been identified as a negative prognostic factor 

[10, 11], and is associated with low levels of leptin [12]. 

Leptin is a hormone secreted mainly by adipocytes, and its traditional role is to regulate 

food intake and energy balance in the brain [13, 14]. Nevertheless, the presence of its 

receptor, Ob-Rb, in extra-hypothalamic brain areas, suggests the implication of this 

adipokine in other processes [15]. Thus, leptin plays an important role in several 

neurological disorders, showing a neuroprotective role in different pathologies, such as 

Alzheimer’s disease [16, 17], Parkinson disease [18], ischemia [19] or spinal cord injuries 

[20]. Furthermore, it improves memory processes and facilitates synaptic plasticity [21, 

22], which indicates the potential role of leptin in preventing cognitive decline. Indeed, 

leptin had been shown to have an anti-amyloid effect as well as to reduce spatial memory 
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deficits in the APP/PS1 transgenic mice model of Alzheimer’s disease [23]. Regarding 

ALS, some epidemiological studies have shown an inverse relationship between leptin 

levels and ALS risk and progression [24, 25]. Thus, increasing leptin concentrations could 

lead to slower disease onset and progression. In this sense, some preclinical studies 

showed that feeding ALS mice with a high-fat diet improves survival and delays 

neurodegeneration [26] and a hypercaloric diet had shown efficacy in prolonging lifespan 

in a pilot clinical trial in gastrostomised ALS patients [27], which could be related to 

leptin levels as weight gain correlates with higher levels of this adipokine [28]. 

Despite all the data linking leptin with ALS, there are no previous studies that look at the 

possible therapeutic effect of this hormone. In this context, we aim to conduct a pilot 

study to examine whether acute treatment with leptin has beneficial effects on brain 

pathology and motor function in a mice model of TDP-43 proteinopathy, the transgenic 

TDP43A315T line of ALS. Our results show that leptin therapy significantly improved 

motor performance and support the neuroprotective role of leptin in ALS. 

 

2. RESULTS 

2.1. Effect of leptin on disease progression 

Body weight loss and motor performance were monitored in both TDP-43A315T and WT 

mice exposed to either leptin or VH to evaluate the effect of treatment on disease 

progression. 

A two-way ANOVA with repeated measures revealed a significant genotype interaction 

(Figure 1A; F(18, 83)=7.701, p<0.0001), indicating a sustained decline in body weight in 

TDP-43A315T mice compared to WT in responses to the treatment over time. Although no 
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significant difference was found between Lep-treated and VH-treated TDP-43A315T mice, 

weight loss decline seemed less prominent after leptin treatment until week 11. 

Disease onset was calculated using body weight measurements with a criterion of 10% 

body weight loss. Results showed that TDP-43A315T mice treated with leptin had an earlier 

onset than TDP-43A315T mice treated with VH (Figure 1B; t5=5.576 p<0.01). An average, 

disease onset was 86 ± 2.5 days of age for VH-treated TDP-43A315T mice whereas Lep-

treated TDP-43A315T mice showed the phenotype at 68 ± 1.7 days of age. 

Additionally, when analysing disease duration- calculated as the time between disease 

onset and disease end-stage- data showed a longer disease duration in TDP-43A315T mice 

after leptin treatment compared to VH treatment (Figure 1C; t4=4.808 p<0.01). 

Nevertheless, life expectancy was similar among the two groups (~ 95-100 ± 2 days). 
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Figure 1. Leptin treatment does not alter body weight loss but changes disease onset 

and duration in TDP-43A315T mice. Values are expressed as mean ± SEM for the 

different groups: TDP-43A315T Lep (orange circles, n=3), TDP-43A315T VH (white circles, 

n=5), Control Lep (blue square, n=4), and Control VH (white square, n=4). (A) Body 

weight was monitored over time in WT and TDP-43A315T mice exposed to either leptin or 

VH. No significant differences were observed between Lep-exposed or VH-exposed 

TDP- 43A315T mice. * p<0.05, ** p<0.01, *** p<0.001 vs. Control VH; # p<0.05, ## 

p<0.01, ### p<0.001 vs. Control Lep. (B) Average disease onset was determined using 

body weight as a physiological parameter with a 10% of normal body weight criterion. 

** p<0.01 vs. TDP-43A315T VH. (C) Average disease duration was calculated using body 

weight as well, as the difference between disease onset and end-stage. ** p<0.01 vs. TDP-

43A315T VH. 

 

Moreover, data from the rota-rod test showed a progressive decline in motor coordination 

in TDP-43A315T mice. A two-way ANOVA with repeated measures revealed a significant 

effect by week (Figure 2; F(5,85)=10.36 p<0.0001), indicating differential change over time 

in motor performance. Furthermore, there was a significant effect by treatment 

(F(3,85)=56.89 p<0.0001), indicating that TDP-43A315T mice treated with leptin showed a 

significant improvement compared to TDP-43A315T mice treated with VH. 

Although leptin treatment caused no significant improvement in weight loss in TDP-

43A315T mice, it showed a protective role on motor function and coordination. 
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Figure 2. Leptin treatment significantly improves motor performance in TDP-

43A315T mice. Values are expressed as mean ± SEM for the different groups: TDP-43A315T 

Lep (orange circles, n=3), TDP-43A315T VH (white circles, n=5), Control Lep (blue 

square, n=4) and Control VH (white square, n=4). * p<0.05, ** p<0.01, *** p<0.001 vs. 

Control VH; # p<0.05, ## p<0.01, ### p<0.001 vs. Control Lep; $ p<0.05 vs. TDP-

43A315T VH. 

 

2.2. Effect of leptin on adipokines and metabolic biomarkers 

As metabolic homeostasis is unbalanced in ALS patients [5], levels of adipokines and 

other metabolic proteins were measured to evaluate the effect of leptin treatment in TDP-

43A315T and WT mice. 

Results indicated that levels of adipokines in plasma were altered in TDP-43A315T mice 

compared to WT mice. A one-way ANOVA showed a statistically significant difference 

in the level of ghrelin (Figure 3A; F(3, 12)=4.524, p<0.05), which was higher in Lep-treated 

TDP-43A315T mice. Moreover, there was a tendency due to the treatment within the TDP-

43A315T groups. Regarding resistin and leptin, a one-way ANOVA showed significant 

differences (Figure 3B and 3C; F(3, 12)=10.31, p<0.01; F(3, 12)=4.962, p<0.05, respectively), 

specifically a down-regulation of both adipokines in TDP-43A315T mice compared to WT 

animals treated with leptin. However, no difference was found in any of the adipokines 

studied due to the treatment in the TDP-43A315T mice. Additionally, a positive correlation 

was found among the serum levels of ghrelin and leptin compared to resistin in WT mice 

(Figure 4A; r=0.81, p<0.05; r=0.762, p<0.05, respectively), yet no correlation was found 

in any of the adipokines studied for the TDP-43A315T mice (Figure 4B). 

Moreover, for the metabolic proteins studied, altered levels of PAI-1 and GIP were 

observed. A one-way ANOVA showed differences in PAI-1 levels (Figure 3D; F(3, 

11)=5.177, p<0.05), particularly an increase in Lep-treated TDP-43A315T mice, as well as 

a tendency when comparing both treatments within the TDP-43A315T group. Similar to 
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that, GIP was altered (Figure 3E; F(3, 11)=4.241, p<0.05), showing an up-regulation in the 

Lep-treated TDP-43A315T group compared to VH-treated WT. Once again, no difference 

was found when comparing TDP-43A315T mice treated with either leptin or VH, nor in the 

other biomarkers studied. However, a positive correlation was found among the plasmatic 

levels of GIP and GLP-1 compared to insulin in WT animals (Figure 4C; r=0.778, p<0.05; 
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r=0.786, p<0.05, respectively), as well as between GIP and PAI-1 (Figure 4D; r=0.881, 

p<0.01) and GLP-1 and glucagon (Figure 4D; r=0.762, p<0.05) in TDP-43A315T mice. 

Figure 3. Adipokines and metabolic biomarkers of insulin resistance levels are 

altered by leptin treatment. Values are expressed as mean ± SEM for the different 

groups: TDP-43A315T Lep (orange circles, n=3), TDP-43A315T VH (white circles, n=5), 

Control Lep (blue square, n=4), and Control VH (white square, n=4). (A) Ghrelin 
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plasmatic concentration. * p<0.05 vs. Control VH. (B) Resistin levels. * p<0.05 vs. 

Control VH; ## p<0.01 vs. Control Lep. (C) Leptin levels. # p<0.05 vs. Control Lep. (D) 

PAI-1 levels. * p<0.05 vs. Control VH; # p<0.05 vs. Control Lep. (E) GIP levels. * p<0.05 

vs. Control VH. (F-H) GLP-1, insulin, and glucagon plasmatic levels, respectively. 

Figure 4. Spearman correlations for adipokines and metabolic biomarkers of insulin 

resistance. Red and blue squares refer to positive and negative correlations, respectively, 

with color intensity proportional to the correlation coefficient, as seen in the legend bar 

at the right. (A) Correlations of the adipokines ghrelin, resistin, and leptin in WT mice 

treated with leptin and VH. *p<0.05. (B) Correlation of the adipokines ghrelin, resistin, 

and leptin in TDP-43A315T mice treated with leptin and VH. (C) Correlations for the 

metabolic biomarkers studied in WT mice treated with leptin and VH. *p<0.05. (D) 

Correlations for the metabolic biomarkers studied in TDP-43A315T mice treated with leptin 

and VH. *p<0.05, **p<0.01. 

 

3. DISCUSSION 

The underlying pathogenesis of ALS is not fully understood and no cure has been 

discovered to either stop the neurodegeneration or to improve the lives of ALS patients. 

The risk of suffering this disease as well as its prognosis and progression, have been 
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related to metabolic alterations. In fact, the majority of ALS patients suffer from 

malnutrition, which has been identified as a negative prognostic factor [10, 11], and is 

associated with low levels of leptin [12]. There is a direct association between leptin 

levels and survival in ALS patients [24]. However, the possible therapeutic effect of leptin 

treatment has not been explored. In this study, we sought to investigate the effects of 

leptin treatment in TDP-43A315T mice, which develop neuropathology and behavioral 

deficits similar to human ALS. 

Our results showed that transgenic animals treated with leptin had an earlier disease onset 

and, consequently, a longer disease duration. Nevertheless, the decline in body mass 

observed in this group was less marked, compared to VH-treated mice. Moreover, our 

study showed that leptin significantly improves motor coordination, suggesting a less 

aggressive ALS phenotype. Although other preclinical studies had shown a motor 

improvement after a leptin-deficiency in a SOD-1 mouse model of ALS [29], this 

contradiction suggests that the beneficial effects observed are not due only to leptin per 

se but to its interaction with the genetic background of the mouse model used. 

Furthermore, it is worth noting that SOD1-causing mutations represent only a minor 

subset of ALS patients while TDP-43 pathology is observed in the vast majority (~ 80%) 

of both sporadic and familial ALS cases [9, 30]. Thus, leptin treatment could be beneficial 

for the majority of ALS patients. 

Our results demonstrated that leptin treatment had a significant effect on the regulation 

of the expression of certain adipokines and metabolic proteins in TDP-43A315T mice. The 

results showed an up-regulation of ghrelin in TDP-43A315T after leptin treatment, which 

is an appetite-stimulating hormone. Low ghrelin plasmatic levels have been found in ALS 

patients [31], which may contribute to reduced total food intake, and consequently 

malnutrition observed in the majority of ALS patients [10, 11]. Ghrelin administration 
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promotes food intake in humans [32]. Thus, it seems that the exogenous administration 

of leptin might induce hyperphagia, although through yet unknown mechanisms. This is 

consistent with the results showing that leptin treatment mitigates the sustained decline 

in body weight in TDP-43A315T mice over time. Indeed, rapid weight loss in patients with 

ALS is associated with worse disease outcomes [25], therefore this slower body weight 

loss might contribute to a better disease progression. 

Additionally, our results provide evidence of a lower expression of the adipokines resistin 

and leptin in TDP-43A315T mice compared to controls WT animals. This is in contrast to 

other studies, which have shown no differences in ALS patients [31]. Moreover, there 

was an up-regulation of plasmatic leptin levels in WT animals treated with leptin, 

although it didn’t reach significance, which was not observed in Lep-treated TDP-43A315T 

mice. Therefore, it seems that leptin treatment causes a decrease in endogenous leptin 

levels in transgenic ALS mice, however, a significant up-regulation of PAI-1 and GIP 

was observed in TDP-43A315T mice after leptin treatment. 

PAI-1 is a metabolic protein associated with an increase in adiposity and body mass index 

(BMI) [31, 33]. Other studies have shown that leptin upregulates the expression of PAI-

1 in vitro via activation of ERK1/2 [34], and the fact that endogenous leptin levels are 

low in these animals suggests that this effect is entirely due to the treatment with 

exogenous leptin. Moreover, since BMI is negatively correlated with ALS prognosis [9], 

this increase in PIA-1 might contribute to the neuroprotective role of leptin. Regarding 

GIP, low levels of this protein have been reported in ALS patients [31]. This protein 

stimulates insulin secretion in response to food intake [35] and it has been proposed as an 

obesity-promoting hormone [36]. Thus, once again, the up-regulation of GIP in TDP-

43A315T mice in response to leptin treatment would help to reduce disturbances in energy 

metabolism and body weight loss associated with the progression of ALS. 
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Finally, a positive correlation was found among ghrelin and leptin relative to resistin 

levels in the WT animals, which is related to insulin resistance [37]. Likewise, a positive 

correlation was found among the plasmatic levels of GIP and GLP-1 relative to insulin 

concentrations in the WT genotype, consistent with their role as incretins [38]. 

Nevertheless, these correlations are not found in the TDP-43A315T genotype, indicating a 

possible development of insulin resistance in this ALS model. On the other hand, a 

positive correlation was found between levels of GIP and PAI-1 as well as between GLP-

1 and glucagon in TDP-43A315T mice, in agreement with the metabolic impairments 

observed in ALS patients [39, 40]. 

In summary, although leptin treatment has been studied, and has shown beneficial effects 

in relationship with a wide range of pathologies such as lipodystrophy, obesity, type 2 

diabetes [41], depression [42], or Alzheimer's disease [23], this is, to our knowledge, the 

first preliminary experimental evidence for the beneficial effect of leptin in treating ALS. 

However, future studies will be necessary to further prove this effect and to determine the 

specific pathway through which leptin performs this therapeutic action. 

 

4. MATERIAL AND METHODS 

4.1. Animals 

Transgenic TAR DNA-binding protein 43 (TDP43A315T) mice [43] and age and gender-

matched wild-type littermates (WT, controls) (Strain No. 010700, Bar Harbor, ME, USA) 

were used in this study. To generated this mouse model of ALS, the mouse prion promoter 

(Prt) and a cDNA encoding human TARDBP with an A315T mutation (hTDP-43A315T) 

associated with fALS and containing an N terminal FLAG-tag were used [43]. These 

mice accumulate cytoplasmic TDP-43 in the brain and spinal cord, creating TDP-43 

aggregates and developing neuropathology and behavioural deficits similar to ALS [44], 
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they do not, however, develop neuronal loss or paralysis [43]. TDP43A315T mice were 

used as hemizygotes, therefore the progeny was genotyped at 21 days of age by detecting 

hTDP-43 transgene using standard tail genomic DNA PCR analysis according to the 

distributor's protocol. 

Only male mice were used, to avoid the reported gender-related differences in mean 

survival time of TDP-43A315T
 mice [43, 45]. Animals were group-housed under standard 

housing conditions with a 12 h light-dark cycle, with food and water available ad libitum, 

and their general health was regularly checked. Additionally, TDP-43A315T
 mice were fed 

jellified food in pellet form (D5K52 food. Rettenmaier Ibérica, Spain) to mitigate the 

intestinal dysmotility phenotype and sudden death [46]. 

4.2. Monitoring and behavioral assessments 

To monitor disease progression, all mice were weighed and assessed three times per week 

until the disease onset-stage, defined as the last day of individual peak body weight before 

a gradual loss occurs. After that, mice were weight daily until the disease end-stage, 

defined as three consecutive days with a weight below 80% of the initial weight. 

To evaluate motor performance, the accelerated rota-rod protocol was used on all mice 

once a week [47, 48], starting at 7 weeks of age until the disease end-stage. Animals were 

previously trained for three consecutive days and three times a day to promote the 

learning of the task. Briefly, mice were placed on a rota-rod apparatus (Model 7650, Ugo 

Basile) at a speed of 4 rpm with acceleration up to 40 rpm over 300 s. Each mouse 

performed three tests with a minimal interval of 20 mins, and the average of the longest 

two performances was taken as the final result for analysis. Lower scores on the rota-rod 

are indicative of impaired locomotor function. 

4.3. Drug Administration 
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Male TDP-43A315T
 mice and WT littermates were divided into two subgroups (n = 3-5 Tg 

mice/ subgroup and n = 4 WT mice/ subgroup) according to the treatments, resulting in 

four groups in total. At 6 weeks of age, animals were treated intranasally (IN) with leptin 

or vehicle (VH) daily for 7 days, as previously described [17]. No difference in body 

weight gain between groups was observed during the treatment period (Table 1). 

 Control VH (n=4) Control Lep (n=4) TDP-43A315T VH (n=5) TDP-43A315T Lep (n=3) 

1d 20,09 ± 0.20 21,1 ± 0.65 18,93 ± 0.49 20,73 ± 0.48 

2d 20,63 ± 0.35 20,73 ± 0.56 18,8 ± 0.78 20,86 ± 0.18 

3d 21,63 ± 0.32 20,8 ± 0.47 18,87 ± 0.83 20,96 ± 0.32 

4d 21,9 ± 0.43 20,8 ± 0.44 19,03 ± 0.77 20,93 ± 0.35 

5d 21,87 ± 0.51 20,85 ± 0.69 19,4 ± 0.62 20,5 ± 0.53 

6d 22,13 ± 0.47 21,3 ± 0.54 19,5 ± 0.69 21 ± 0.56 

7d 21,65 ± 0.26 21,4 ± 0.61 19,22 ± 0.63 21,23 ± 0.54 

Table 1. No difference in body weight gain was observed during leptin treatment. 

Body weight was monitored daily in WT and TDP-43A315T mice during the 7-days 

treatment period and no difference in body weight gain between treatments and groups 

was observed. Values are expressed as mean ± SEM. 

 

Then, a leptin solution was prepared in 0.125% (2.3mM) of N-tetradecyl-b-D maltoside 

(TDM) (Sigma-Aldrich) reconstituted in PBS (pH 7.2) at a concentration of 1 mg/mL and 

IN treatments were given under light anesthesia (3% isoflurane), using a 30μL pipette 

bearing a 20μL long gel loading tip to introduce 20μL of 0.03mg/kg leptin or VH into the 

nasal cavity via one of the external nares. Nares were alternated each day during the week 

treatment period, starting with the left side. 

The IN-administration method was selected as it has rapid substance absorption with 

minimal discomfort, and it enables the administration of smaller drug volumes than other 
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non-invasive administration routes since it avoids the hepatic first-pass effect observed in 

oral delivery [49-51].  

4.4. Measurement of metabolic markers 

At disease end-stage (~ 95-100 ± 2 days), mice were terminally anesthetized with sodium 

pentobarbitone (140 mg/ kg). Blood was collected by cardiac puncture and immediately 

centrifuged at 3380 g for 10 min at room temperature to obtain plasma, which was then 

frozen on dry ice and stored at – 80 °C for later analysis [52]. 

Plasma samples were used to measure adipokines (ghrelin, resistin, and leptin) and 

metabolic biomarkers of insulin resistance (GIP, GLP-1, Glucagon, Insulin, and PAI-1) 

using the Bio-PlexPro mouse Diabetes group (Bio-Rad, Ref. 171F7001M), in a Luminex® 

200TM technology as previously described [53]. Samples were analyzed using duplicate 

analyses following the manufacturer’s instructions. The final concentration value of each 

metabolic marker was the result of the mean from the two duplicated measures. 

4.5. Statistical analysis 

Data is expressed as means ± standard error of the mean (SEM). A two-way ANOVA 

was used to assess differences between means over time in body weight and rota-rod 

performance, followed by a Tukey post-hoc analysis. A one-way ANOVA, followed by 

a Tukey post-hoc analysis, was used to assess differences between means in the plasmatic 

levels of metabolic biomarkers. A student t-test was used only when two groups were 

compared for disease onset and duration, assuming equal variances. A spearman 

correlation was performed for both the adipokines and metabolic biomarkers. A value of 

p < 0.05 (CI 95%) was considered statistically significant. All statistical analyses were 

performed using GraphPad Prism software (version 8.0.1). 
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