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Abstract. Neurodegeneration is associated with hypertension and disturbance in fat metabolism. The 
complex interaction of neurodegenerative processes with both metabolic changes and blood pres-
sure is still not fully elucidated. Here we demonstrate that the experimentally induced tauopathy in 
hypertensive transgenic animals causes significant downregulation of plasma leptin (53% of control), 
reduction of body weight by 11%, a 1.2-fold drop of adiposity index, and decrease in HDL cholesterol 
level, while the fasting glucose and insulin concentration remain unchanged. Despite of these altera-
tions we found the leptin projection circuit including the arcuate nucleus, paraventricular nucleus in 
hypothalamus, and nucleus tractus solitarius in the brainstem not affected by neurofibrillary pathology. 
Furthermore, hypertension does not alter disturbances in leptin signalling. The presented data provide 
further insight into neurodegeneration-induced metabolic alterations relevant for human tauopathies.
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Introduction

Neurodegenerative diseases represent a serious problem in 
the current human population. Important factors associated 
with neurodegenerative pathology and its consequences are 
metabolic disturbances including body weight alterations and 
disordered fat metabolism (Lee 2011; McGuire and Ishii 2016). 
Hypertension is another wide-spread health threatening con-
dition associated with development of neurodegeneration. The 
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molecular mechanisms of these alterations in context with 
neuronal degeneration are not well understood. It is because 
the neurodegeneration in humans can start and progress si-
lently and unobserved, a long time before the first symptoms of 
cognitive or neurological impairment become phenotypically 
evident. Recently it was published that satiety hormone leptin 
can contribute to neurogenesis and attenuates neurodegen-
eration in animal model (Calio et al. 2021). Epidemiologic 
observations in humans indicate the paradoxical association 
of body mass index with dementia: it may represent either 
risk factor of neurodegeneration in persons with overweight 
in middle life or protective effect in later life (Emmerzaal et al. 
2015). Moreover, it was found that leptin can reduce the in-
flammation and oxidative stress in the cardiomyocytes under 
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hypoxia, the pathological events closely associated also with 
the progress of neurodegenerative pathology (Abd Alkhaleq 
et al. 2020). Some other studies on adipokines including leptin 
indicate association of their levels with blood pressure in hu-
man (Pantsulaia et al. 2009; Wang et al. 2012). It was shown 
that elevated plasma leptin correlates with blood pressure of 
hypertensive patients, however, this association is independent 
of body adiposity both in normotensive and in hypertensive 
individuals (Beltowski 2006; Simonds et al. 2017).

Taking together, data from literature suggest that low 
levels of leptin could accelerate neurodegeneration in both 
normotensive and hypertensive conditions.

Previously we have demonstrated a significant down-reg-
ulation of peripheral leptin in normotensive Wistar Kyoto rat 
strain with tauopathy (WKY72). Decline in peripheral level of 
leptin was found as a direct consequence of tauopathy induced 
by transgenic expression of truncated tau protein, which was 
designed according to the pathological isoforms found in the 
brain of Alzheimer’s disease (AD) sufferers (Cente et al. 2020).

The aim of this study was to determine the effect of 
experimentally-induced tauopathy on peripheral metabolic 
parameters in animals suffering from spontaneous hyperten-
sion. Specifically, we aimed to measure the levels of leptin 
and investigate whether or not the peripheral alterations can 
be a consequence of the neurofibrillary pathology potentially 
present in the leptin projection circuit such as the arcuate 
nucleus, paraventricular nucleus in the hypothalamus, and 
nucleus tractus solitarius in the brainstem.

Materials and Methods

Animals

Spontaneously hypertensive rats (SHR) with chronically el-
evated systolic blood pressure used in this study were charac-
terized elsewhere (Stozicka et al. 2010). Transgenic rat model 
of tauopathy (SHR72) was generated by pronuclear injection 
of truncated tau gene construct into 1-day-old SHR embryos, 
which were implanted into pseudopregnant females. The 
expression of truncated human tau protein (aa151-391,4R) is 
under the control of the brain specific mouse Thy-1 promoter 
and is therefore restricted to the central nervous system, brain 
and upper part of spinal cord. The onset of expression starts 
early after birth as published before (Zilka et al. 2006; Koson 
et al. 2008; Stozicka et al. 2010). Rats were housed in standard 
laboratory conditions in plastic cages (555×345×195 mm) in 
a  temperature and humidity-controlled environment with 
a 12/12-hour light/dark cycle (light phase: 7 a.m.–19 p.m.) and 
with food (Altromin Spezialfutter, Germany, 1324 Maintenance 
diet for rats and mice, metabolized energy 3.226 cal/g) and water 
available ad libitum. Efforts were made to minimize the suffering 
and number of experimental animals. Animal cohort comprised 

of 6 month old transgenic SHR72 rat males (TG, n = 10) and 
age-matched SHR wild type littermates (WT, n = 10). Animals 
were assessed randomly. During experiments and analysis, the 
investigators were blinded to genotype and experimental group. 
Animal experiments were performed between 9 and 11 a.m. 
of the light phase. Rats were anesthetized by intraperitoneal 
injection of a cocktail containing Zoletil 100 (30 mg/kg) (Virbac 
S.A, Carros, France) and Xylariem (10 mg/kg) (Ecuphar N.V, 
Oostkamp, Belgium) and then euthanized by decapitation.

Immunohistochemistry

Animals for immunohistochemistry were perfused with 
phosphate bovine serum (PBS). The brains were postfixed 
in 4% paraformaldehyde for 24 h, embedded in paraffin and 
cut on a microtome (Leica RM2255) providing sagittal serial 
section (8 μm). For staining of brain areas (brainstem (BS), 
nucleus tractus solitarius (NTS), arcuate nucleus (ARC), 
ventromedial nucleus (VMH), dorsomedial nucleus (DMH) 
and paraventricular nucleus (PVH)), the sections between 
coordinates 0.4 mm to 1.4 mm of lateral plane from medial 
line were chosen according to stereotaxic atlas (Paxinos and 
Watson 2013). Sections were incubated in 80% formic acid 
(Sigma-Aldrich, Germany) for 40  s  and heat pre-treated 
for antigen unmasking using antigen unmasking solution 
(Cat. H-3300, Vector Laboratories, USA) in autoclave 2100 
Retriever (Aptum Biologics, UK), followed by incubation in 
1% H2O2 for 20 min and blocking using Section Block (Ap-
tum Biologics, UK) for 30 min. Sections were subsequently 
incubated overnight with primary antibody AT8 (1:1000; 
Thermo Fisher Scientific, Cat.MN1020, RRID (Research 
Resource Identifier): AB_223647) at 4°C recognizing phos-
phorylated tau protein (Ser-202 and Thr-205). The sections 
were incubated with biotinylated secondary antibody (Vec-
tastain Elite ABC kit, Cat. PK-6102, Vector Laboratories, 
USA) at room temperature for 1 h and reacted with avidin-
biotin-peroxidase complex for 1  h. The immunoreaction 
was visualized with Vectastain VIP kit (Cat. SK-4600, Vector 
Laboratories, USA) without counterstaining. Microscopic 
analysis was performed using Olympus BX 51.

Intraperitoneal glucose tolerance test and determination of 
metabolic parameters in plasma 

Intraperitoneal glucose tolerance test (IPGTT) was performed 
as follows: Two days before the termination of experiment the 
rats from both groups were injected intraperitoneally with 
a freshly prepared glucose load of 2 g/kg of body weight (b.w.). 
A drop of blood was collected from tail immediately before 
glucose injection (0 min) and 30, 60, 90 and 120 min after the 
injection for estimation of blood glucose using glucometer 
(Accu-Check Active, Roche Diagnostics, Germany). The rats 
fasted for 16 h before undergoing IPGTT. Identically the rats 
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were starved overnight before sacrificing by decapitation and 
the blood was collected for plasma preparation using K3EDTA 
tubes. Collected blood was centrifuged at 2000 × g for 10 min 
at 4°C and aspirated plasma was stored at −20°C prior analysis. 
After opening the abdominal cavity, the epididymal and retro-
peritoneal adipose tissue were removed and weighed. Adiposity 
index was calculated as a ratio of the weights of adipose tissues 
and corresponding weight of animal body. Plasma glucose 
and lipids were measured at external facility for the analysis of 
clinical samples (Synlab, Bratislava, Slovakia) using commer-
cially available kits (Roche Molecular Diagnostics, Pleasanton, 
USA) assayed in COBAS Integra 800 multi-analyser (Roche, 
Switzerland). Insulin level was assayed by rat insulin RIA kit 
(Sigma-Aldrich, USA, Cat.No. RI-13K) and leptin levels were 
assayed by rat leptin ELISA kit (Millipore, USA, Cat.No. EZRL-
83K) following the manufacturer’s protocol, respectively.

Real-time PCR profiling of leptin mRNA level

Retroperitoneal white adipose tissues were after excision 
and weighing rapidly frozen in liquid nitrogen and stored at 
−70°C until assayed. Total RNA was isolated from 100 mg of 
frozen tissue using RNeasy Lipid Tissue Mini Kit (Qiagen, Cat. 
74804, Hilden, Germany), according to the manufacturers 
protocol. 2 μg of total RNA were reversely transcribed using 
Maxima First Strand cDNA Synthesis Kit (Thermo Fisher 
Scientific, Cat. K1642, Waltham, MA, USA). Real-time qPCR 
was performed using SYBR Green PCR Master Mix (Thermo 
Fisher Scientific, Cat. 4309155, Waltham, MA, USA) and 300 
nM of each primer for leptin gene, 5´-CCAGGATGACAC-
CAAAACCCTC-3´ (sense) and 5´ATCCAGGCTCTCTG-
GCTTCTGC -3´ (antisense). The relative amount of the leptin 
transcript was normalised to expression of the endogenous 
reference gene ribosomal protein S29 (Rps29), 5´-GCT-
GAACATGTGCCGACAGT-3´ (sense) and 5´-GGTCGCT-
TAGTCCAACTTAATGAA-3´ (antisense). The initial step in 
the reaction was 95°C for 10 min, followed by 40 cycles of 95°C 
for 15 s and 60°C for 30 s for both primers. Reaction without 
cDNA as a template was used as a negative control. The qPCR 
was performed on ABI 7900HT thermal cycler (Applied 
Biosystems, Thermo Fisher Scientific, Waltham, MA, USA).

Statistical analysis

Graphpad Prism (version 6.07 for Windows; Graph Pad 
Software, USA) was used to carry out the statistical analysis. 
Assessment of the normality (D’Agostino & Pearson omnibus 
normality test) of the data and ROUT test for outliers were 
performed, however, no data points were excluded from 
analysis. Due to the relatively limited sample size our study 
should be considered as exploratory. Differences between 
measures in WT and TG groups were analysed with unpaired 
Mann Whitney test or two-way ANOVA for IPGTT repeated 

measurements, respectively. Data are displayed as mean with 
95% confidence interval (CI). Results were considered to be 
statistically significant if p < 0.05.

Results

Tau pathology is associated with reduction of body weight 
and downregulation of peripheral leptin

In this study we characterized the lipid and glucose metabo-
lism disturbances under the neurodegenerative conditions 
on hypertensive genetic background. We employed SHR 
tau-transgenic animals developing the complete neuropatho-
logical signature of human tauopathy. Metabolic analysis 
of transgenic animals included determination of food 
consumption, body weight measurement, adiposity index, 
determination of glucose, insulin, leptin and lipid profile in 
the blood complemented with glucose tolerance test. 

The analysed cohort consisted of pre-symptomatic trans-
genic animals (SHR72-TG, further referred as TG) that did 
not manifest any significant phenotypic signs of neurode-
generation; however, they already showed molecular and 
histopathological markers of neurofibrillary degeneration 
in comparison to age-matched wild type controls (SHR-WT, 
further as WT). TG animals have significantly reduced mean 
b.w. by 11% at six months of age when compared to controls 
(TG: 306 g vs. WT: 344 g, p = 0.0008) (Fig. 1A). This reduction 
is also mirrored by the decreased adiposity index calculated 
from both, epididymal and retroperitoneal adipose tissue 
weights in TG animals compared to WT controls (TG: 1.3 
vs. WT: 1.6, p = 0.0036) (Fig. 1B). However, daily food con-
sumption did not differ between the TG and WT rats (TG: 
5.62 g/100 g of b.w. vs. WT: 5.6 g/100 g of b.w., p = 0.5541) 
(Fig. 1C), what represents a  daily caloric intake of 18.13 
cal/100 g of b.w. in TG animals and 18.07 cal/100 g of b.w. 
in WT animals, respectively. The level of plasma leptin de-
creased significantly in transgenic animals (53% of WT, TG: 
0.9 ng/ml vs. WT: 1.7 ng/ml, p = 0.0002) (Fig. 1D). The effect 
was evident already at the level of leptin mRNA expression 
in retroperitoneal fat tissue, which was reduced in TG rats to 
a similar extent (51% of WT, TG: 0.47-fold vs. WT: 0.93-fold, 
p = 0.0003) (Fig. 1E). TG animals showed unaltered plasma 
lipid parameters of total cholesterol (TChol), low density 
lipoproteins (LDL), triglycerides (TGL) and very low density 
lipoproteins (VLDL), but significantly reduced high density 
lipoproteins (HDL, 88% of WT, TG: 0.94 mmol/l vs. WT: 1.07 
mmol/l, p = 0.0226) (Fig. 1F). Furthermore, to determine 
the changes in metabolism of glucose and insulin due to the 
pathological tau, we measured these parameters in plasma. 
The analysis revealed no difference in levels of glucose (TG: 
4.6 mmol/l vs. WT: 5.0 mmol/l, p = 0.0988) and insulin (TG: 
0.5 ng/ml vs. WT: 0.56 ng/ml, p = 0.5907) between TG and 
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WT animals (Fig. 1G,H). IPGTT did not show any significant 
difference between tauopathic and control rats (Fig. 1I). 

Hypothalamic and brainstem nuclei targeted by leptin are 
free of tau pathology 

To test the hypothesis that decrease of plasma leptin and its 
mRNA expression in fat tissue is related to the formation of tau 
pathology in the brain we analysed specific leptin-responsive 

nuclei, ARC, VMH, DMH and PVH, that are localized in 
hypothalamus and NTS localized in brainstem. The stain-
ing with AT8 antibody that recognizes early to late stages of 
neurofibrillary degeneration identified tau protein aggregates 
in the brainstem of TG rats, resembling a typical picture of 
tau pathology in SHR72 model. Parallel staining of control 
brain of WT rats did not show any signs of tau pathology (Fig. 
2A,B). However, detailed immunohistochemical staining of 
the brain regions regulated by leptin revealed that there is no 

Figure 1. Differences in body weight and metabolic parameters in SHR72 transgenic rats. A. Comparative analysis revealed significant 
loss of body weight of transgenic (TG) rats when compared to age-matched wild type (WT) controls. B. This deficit is also reflected as 
a drop of adiposity index in TG animals, but is (C) not related to different food consumption. D. Decreased level of plasma leptin in 
TG rats as confirmed by the lower leptin expression (E) in retroperitoneal fat tissue. F. Profile of plasma lipids showed decreased level 
of HDL in TG animals. Level of (G) glucose and (H) insulin is not affected by overnight fasting. I. Intraperitoneal glucose tolerance test 
revealed no difference between TG (n = 10) and WT (n = 10) animals (data are displayed as mean with 95% confidence interval; * p < 
0.05 vs. WT). TChol, total cholesterol; HDL, high density lipoproteins.
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Figure 2. Hypothalamic and brainstem nuclei 
targeted by leptin are free of tau pathology. A. Neu-
rofibrillary pathology in transgenic SHR72 rats is 
localized in brainstem (BS) while the (B) control WT 
rats show negative staining with AT8 antibody. C.,D. 
The brainstem nuclei of nucleus tractus solitarius 
(NTS – area marked by dashed line) and hypotha-
lamic area of (E,F) arcuate nucleus (ARC) including 
ventromedial nucleus (VMH) and dorsomedial 
nucleus (DMH) together with (G,H) paraventricular 
nucleus (PVH) regulated by leptin are free of tau 
protein phosphorylation or neurofibrillary tangles 
as stained by AT8 antibody. Scale bar = 100 µm. AT8 
antibody is specific for tau protein phosphorylated 
at Ser202/Ser205.

tau pathology present in area of ARC or NTS. Detection of 
neurofibrillary tangles and neuropil threads with AT8 in ARC, 
VMH, DMH, PVH and NTS areas was also negative showing 
only background staining (Fig. 2C–H). These data indicate 
that downregulation of peripheral leptin is not directly caused 
by the formation of tau protein aggregates, since the leptin 
responsive brain regions are free of any signs of tau pathology. 

Discussion

Neurodegeneration in patients with AD and other neuropa-
thies is associated with peripheral changes including meta-
bolic disturbances, hypertension, alterations of body weight 
and fat metabolism (Lee 2011; McGuire and Ishii 2016; Mogi 
2019; den Brok et al. 2021; Pierzchlinska et al. 2021; Ungvari 
et al. 2021). These disorders are generally considered risk 

factors for the development of neurodegeneration, but it is 
difficult to study in humans whether or not they may also 
be the consequences of neuropathology. This can be clearly 
demonstrated using a suitable experimental animal model.

In our previous work with normotensive rats (WKY72) 
we have partially answered this question and confirmed the 
metabolic disturbances as a consequence of neurodegenera-
tion. We have shown that expression of truncated tau pro-
tein in WKY72 rats induces downregulation of peripheral 
leptin, alteration of lipid profile and disturbances in glucose 
metabolism. Moreover, peripheral level of leptin in animals 
was negatively correlated with degree of neurofibrillary 
degeneration in the brain (Cente et al. 2020).

We have now investigated the effect of experimentally 
induced tau protein neurodegeneration on lipid and glucose 
metabolism in chronic hypertension, using spontaneously 
hypertensive rats (strain SHR72). 
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We have also focused on the detailed determination of tau 
protein neuropathology (mainly the presence of neurofibrillary 
tangles) in the brainstem areas, which are involved in maintain-
ing energy homeostasis and physiological levels of peripheral 
leptin. Specifically, we examined the leptin receptors-contain-
ing brain regions such as, ARC, VMH, DMH and PVH that are 
localized in hypothalamus and NTS in brainstem (Myers et al. 
2009; Sutton et al. 2016) aiming to determine whether the tau 
pathology eventually present in these areas of central nervous 
system might affect the “brain-periphery” leptin signalling.

Based on the analyses of the hypertensive animals and 
comparison to normotensive ones we can conclude that effect 
of experimentally induced neurodegeneration is very similar 
in both animal strains although the neurodegeneration in 
hypertensive animals leads to more profound decrease of 
peripheral leptin.

The data on decreased body weight and adiposity index 
in transgenic animals are in line with observations in AD 
patients, where lowered body weight, sarcopenia, and reduced 
fat mass in comparison to healthy controls were reported 
(Guerin et al. 2005; Theodoropoulou et al. 2012; Gratuze et al. 
2018). We did not quantify parameters related to sarcopenia 
in this particular experiment. However, we have previously 
reported the atrophy of hind leg musculature at the age of 7 
month, together with loss of the muscular strength and agility 
during aging, suggesting signs of sarcopenia at later stages of 
neurofibrillary degeneration in transgenic rats (Korenova et 
al. 2009). Interestingly, in our model we have observed highly 
significant weight loss accompanied by a loss of adipose tissue 
mass, while the food consumption remained unchanged. This 
might point to hypermetabolism in transgenic animals, which 
is known from humans and was also observed in transgenic 
mouse models of AD (Knight et al. 2012; Zheng et al. 2018). 

Although, majority of lipid parameters determined in 
plasma of tauopathic animals is at physiological level, mild 
reduction of HDL cholesterol in plasma of TG animals was 
detected. Several studies indicate that higher risk of AD is as-
sociated with low levels of HDL cholesterol (Reitz et al. 2010; 
Warren et al. 2012; Tang et al. 2019). Our findings suggest that 
HDL related dyslipidaemia might be adverse concomitant 
metabolic disturbance of the progressing tau protein-induced 
neurodegeneration and support the view that normalized or 
higher HDL may reduce the risk of AD and related tauopa-
thies. Recent evidence from human studies and animal models 
supports the hypothesis that HDL cholesterol protects against 
cerebrovascular dysfunction in AD (Button et al. 2019).

Circulating leptin concentrations are proportional to 
adipose tissue mass (Stern et al. 2016). Accordingly, in our 
study the lower b.w. and adipose tissue mass in TG animals 
were accompanied by a decrease in adipose leptin transcrip-
tion (mRNA) and plasma leptin levels compared to wild type 
rats. Leptin was described as a neuroprotective molecule and 
potential cognitive enhancer as it rapidly alters glutamate 

receptor trafficking processes and in turn the efficacy of hip-
pocampal excitatory synaptic transmission (Mejido et al. 2020). 
Furthermore, it was demonstrated that lower serum leptin in 
individuals with mild cognitive impairment is associated with 
lower hippocampal volume suggesting that inefficient leptin 
signaling could partly contribute to decreases in memory 
performance (Witte et al. 2016). Akin to this study higher 
circulating leptin was associated with a reduced incidence of 
dementia and AD in non-obese individuals (Lieb et al. 2009). 
Accumulating evidence proposed leptin as a potentially im-
portant therapeutic target for treatment of neurodegenerative 
conditions. Chronic administration of leptin to transgenic 
mouse model of AD resulted in attenuation of amyloid beta-
induced neurodegeneration and reduction of senile plaque 
pathology in the brain (Fewlass et al. 2004; Calio et al. 2021). 
These results support the assumption that peripheral levels of 
leptin are strongly associated with degree of neurodegeneration 
as they also inversely correlate with amount of insoluble tau 
protein present in neurofibrillary tangles (Cente et al. 2020). As 
the metabolic regulation involves complex interplay of many 
processes, it is likely that the risk for developing neurodegen-
erative disorder is affected by a range of other leptin-unrelated 
confounding factors including gender, diet, exercise and age.

The relationship of AD and glucose metabolism disorders is 
complex and remains poorly understood at the molecular level. 
Diabetes is implicated as a risk factor for development of AD 
since these two diseases share some common pathophysiologi-
cal features (Hanson and Rubinow 2021). Moreover, diabetes 
with its vascular complications may result in neurodegenerative 
disease (Bosco et al. 2011; van der Flier et al. 2018; Kubis-Kubi-
ak et al. 2019). However, in our model of induced tauopathy 
no signs of peripheral insulin resistance were noticed. Glucose 
utilization of TG animals as well as fasting glucose and insulin 
concentrations were not different from those of controls. We 
conclude that tauopathy itself does not affect insulin sensitivity 
in hypertensive SHR72 rats, in contrast to the normotensive 
model WKY72, where we found reduced fasting glucose and 
insulin concentrations in TG animals (Cente et al. 2020). 

To explain the deleterious effect of neurofibrillary degen-
eration on peripheral leptin we examined neuropathology 
in leptin-responsive areas of hypothalamus and brainstem. 
Using a histopathological marker for clinical diagnostics of 
tauopathy, the AT8 antibody, we investigated the presence of 
tau pathology in specific brain nuclei involved in the leptin 
projection circuits. Interestingly, our data indicate that major 
leptin-responsive regions of ARC, PVH and NTS in the brain 
of tauopathic animals do not exhibit any signs of tau protein-
induced neurodegeneration. Since the tauopathic animals 
have normal food intake despite lower peripheral leptin and 
the leptin projection circuit involving ARC, PVH and NTS 
is free of any signs of tau pathology it seems that the neu-
rons responsive to energy-related signals in these areas still 
mediate the peripheral satiety signals with in a physiological 
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manner. However, we cannot completely exclude that other 
leptin-regulated circuits in the brain are affected by the tau 
pathology present in adjacent brainstem areas connected to 
the ARC, PVH or NTS nuclei inhibiting the leptin signaling 
within the central nervous system of tauopathic animals. 

In conclusion, our data revealed that truncated tau 
protein-induced neurodegeneration at the hypertensive 
genetic background is associated with downregulation of 
peripheral leptin, reduction of b.w., adiposity index and 
decrease of HDL cholesterol underlying the link between 
neurodegeneration in the brain and altered fat metabolism 
in periphery as observed in AD and other tauopathies. 
The decrease in leptin concentration in plasma can lead to 
accelerated neurodegeneration, since its neuroprotective 
function is attenuated. However, the molecular nature of 
direct or indirect connection between pathological tau and 
peripheral leptin deficiency remains to be elucidated by fur-
ther research. The experimental model we used in our study 
can be employed as a model of choice for detailed clarifying 
the molecular signaling underlying the neurodegeneration-
driven disturbance of peripheral lipid metabolism. 
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