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Abstract
Aims: Irisin is a hormone cleaved from fibronectin type- III domain- containing protein 5 in 
response to exercise and may be therapeutic in Alzheimer's disease (AD). Irisin is shown 
to repair damage caused by midlife cardiometabolic risk factors for AD (i.e., diabetes mel-
litus; hypertension), prevent neural amyloid beta aggregation and reduce neuroinflamma-
tion. However, there are no investigations of irisin's effect on AD- associated tauopathy in 
the brain. This study begins to address this gap in knowledge.
Methods: Transgenic htau mice that selectively develop age- related tauopathy were 
treated with recombinant irisin (100 µg/kg weekly i.p.) beginning at a pre- symptomatic 
age (4 months) to determine if irisin could prevent emergence of early neuropathology. 
One month later, mice were sacrificed to collect brain tissue and serum. Protein levels 
of ptau (serine 202), inflammatory cytokine tumour necrosis factor alpha (TNFα) and 
FNDC5 were quantified using capillary- based western blotting (Wes).
Results: Our data show that irisin treatment significantly reduced ptau and TNFα in the 
hippocampus and serum of female htau mice compared to vehicle- treated controls. Irisin 
treatment did not alter ptau levels in male htau hippocampus and appeared to enhance 
both neural and systemic TNFα levels.
Conclusions: This study provides the first evidence that enhancing the endogenous 
hormone irisin may be therapeutic against emerging neuropathology in a tauopathy- 
selective AD model. This is important because there are currently no disease- modifying 
therapeutics available for AD, and few agents in development address the multiple dis-
ease targets irisin appears to— making irisin an intriguing therapeutic candidate for fur-
ther investigation.
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INTRODUC TION

Neurodegenerative disease and metabolic disorders share many 
pathophysiological features, including disruption of cellular energy 
metabolism and inflammation. As such, midlife occurrence of car-
diometabolic disorders such as type II diabetes mellitus, obesity, dys-
lipidaemia, hypertension, atherosclerosis and cardiovascular disease 
significantly increase risk for future diagnosis of Alzheimer's disease 
(AD) at ages 65+.1,2 However, these risk factors are modifiable— and 
therapeutic management of them is shown to reduce the increased 
risk they confer.3 Therefore, uncovering the mechanistic links be-
tween cardiometabolic disorders and neurodegenerative disease 
may illuminate new, desperately needed strategies to combat the 
escalating incidence of AD.4

While cardiometabolic diseases typically originate in periph-
eral tissues/organ systems, their chronic effects eventually affect 
the central nervous system.5,6 Neurons are among the most met-
abolically demanding cells of the body and require extensive en-
ergy resources for communication and survival; therefore, deficits 
in cellular energy metabolism profoundly affect brain function and 
structure.7 Compounding these problems, chronic peripheral inflam-
mation associated with cardiometabolic disorders contributes to in-
flammatory changes in the brain, promoting protein misfolding and 
accumulation of extracellular amyloid beta (Aβ)8 and intracellular 
neurofibrillary tau tangles.9 In turn, these hallmark proteinopathies 
of AD trigger immune- mediated responses from microglia and astro-
cytes, exacerbating neuroinflammation and neurodegeneration.10– 12

Irisin, a hormone released by myocytes and other cells (including 
neurons), may be capable of therapeutically addressing metabolic 
dysfunction, inflammation and neuropathology.13 Discovered in 
2012, the glycoprotein irisin is a cleaved fragment of the transmem-
brane fibronectin type III domain- containing protein 5 (FNDC5).13 
When the skeletal muscle is subject to exercise, FNDC5 is cleaved 
into a soluble irisin fragment, which is then secreted into the blood-
stream.13– 15 FNDC5 and irisin are also constitutively expressed 
in other oxidative tissues/organs such as bone, liver, heart and 
brain.13,16– 19 Peripherally, irisin is shown to restore energy homeo-
stasis and optimise cellular energy utilisation by ‘browning’ white 
adipose tissue and enhancing thermogenesis13, resolving insulin re-
sistance and improving glucose utilisation in diabetic models20,21, and 
reducing inflammation22 and expression of inflammatory genes.23 
Irisin is thought to mediate the beneficial effects of exercise on the 
brain. Exercise- induced FNDC5/irisin release enhances expression 
of brain- derived neurotrophic factor (BDNF) in the hippocampus, 
promoting synaptic plasticity, hippocampal neurogenesis and mem-
ory formation.24– 26 Compelling data show that irisin may provide 
neuroprotection against ischaemic damage after stroke27 and neu-
rodegenerative diseases such as multiple sclerosis28 and AD.29 Irisin 
treatment has been used to rescue memory deficits, restore synap-
tic impairments, and ameliorate Aβ- induced suppression of BDNF in 
APP/PS1dE9 AD- model mice30; reduce soluble Aβ oligomer forma-
tion in cultured APP/PS1 neurons30,31; prevent cleavage of amyloid- 
precursor protein (APP) into aggregation- prone Aβ42 fragments31; 

and ameliorate neuroinflammation.32 Notably, no studies have yet 
investigated how irisin affects the hyperphosphorylation of tau 
(ptau) and its subsequent assembly into damaging intraneuronal 
neurofibrillary tangles (collectively known as tauopathy), another 
major neuropathological hallmark of AD and other forms of demen-
tia. The goal of this study was to determine whether pre- treatment 
with exogenous irisin protein could reduce the emergence of early 
ptau accumulation and inflammation in the brains of transgenic htau 
mice, a selective model of age- related tauopathy.

MATERIAL S AND METHODS

Subjects

Male and female htau mice (B6.Cg- Mapt tm1(GFP) Tg(MAPT)8cPdav/J; 
Jax stock# 005491) on a C57BL/6 J background were used for the pri-
mary analyses of this study. Htau mice are a tau overexpression model 
that was created by random insertion of the human microtubule- 
associated protein tau (MAPT) gene into ‘tau knockout’ mice that have 
a neomycin cassette- induced disruption at exon 1 of the endogenous 
mouse Mapt.33,34 The human MAPT transgene is driven by a tau pro-
moter that causes these mice to overexpress all six isoforms (includ-
ing 3R/4R) of human MAPT in the absence of endogenous mouse 
Mapt.33,34 Phenotypically, htau mice form age- related accumulation of 
hyperphosphorylated tau (ptau) that leads to microtubule destabilisa-
tion, ptau aggregation and formation of neurofibrillary tangles in the 
hippocampus and frontal cortices, among other brain areas.33,34 This 
tauopathy coincides with significant neuroinflammation and contrib-
utes to age- related cognitive deficits in htau mice.33,35 Htau mice have 
been characterised for studying dementia- related tauopathy analo-
gous to late- onset AD and frontotemporal dementia.36 However, two 
caveats when considering the external validity of data obtained from 
this model are that htau mice produce tau isoforms in different ratios 
than humans,37 and the genomic integration site and conformation 
of the human MAPT/vector transgene array in this model have not 
yet been determined. Age-  and sex- matched C57BL/6 J (C57) mice, 
the background strain of htau mice, were used as non- transgenic 
healthy controls in this study. For secondary analyses, an additional 
group of age-  and sex- matched ‘tau null’ mice (littermates of htau) 
were included in the study. While these mice function as genetic and 
negative controls for their htau littermates, tau null mice lack both 
the humanised MAPT transgene and endogenous Mapt gene and are 
thus tau deficient— exhibiting phenotypic abnormalities across neu-
ral, metabolic and behavioural parameters 38,39 that make them inad-
equate as primary healthy controls.

In total, 16 htau (8 per sex) and 14 C57 (7 per sex) mice were used 
for the primary analyses of this study. Data from female and male 
mice were not combined for analysis but evaluated in separate data 
sets 40 because of anticipated sex differences in htau phenotype 
based on our previous work,38,41 as well as an increasing number of 
studies describing inherent sex differences in other AD models.42– 44 
Study treatment was initiated in mice at the ‘pre- symptomatic’ age 
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of 4 months, where early isoforms of ptau and indicators of neu-
roinflammation are minimally present in in non- cognitive brain re-
gions38,41 and are just emerging in the hippocampus and frontal 
cortex.35 This pre- symptomatic staging was used to approximate the 
clinical relevance of mitigating early metabolic risk factors associ-
ated with AD as a preventative measure rather than a restorative 
treatment. Mice were 5 months old at the terminal endpoint of the 
study when tissue was collected for histology. A separate replicative 
cohort of age-  and sex- matched tau null (n = 15) and htau (n = 13) 
mice were used to optimise irisin delivery and provide control data 
for relevant assays (see Figure S1).

All mice were bred at the Northeast Ohio Medical University 
(NEOMED) from original stocks obtained at Jax Mice; all groups 
were housed under identical conditions. All experimental proce-
dures were approved by the NEOMED Institutional Animal Care 
and Use Committee and conducted in accordance with the Guide 
for Care and Use of Laboratory Animals published by the National 
Institutes of Health.

Treatment

Female and male mice were stratified into treatment groups by body 
weight to ensure overall uniformity of subjects. Htau (n = 8/sex) and 
C57 (n = 7/sex) mice in the experimental treatment group received 
one weekly intraperitoneal (i.p.) injection of 100 µg/kg recombi-
nant human irisin protein (r- irisin; #11451: Cayman Chemicals; Ann 
Arbor, MI) reconstituted in sterile saline at a concentration of 10 µg/
ml. Dosage, frequency and route of administration for r- irisin were 
based on previous studies that demonstrated reproducible treat-
ment effects.18,45 Htau (n = 8/sex) and C57 (n = 7/sex) mice in the 
vehicle control group received i.p. injections of sterile saline. Prior to 
injection, mice were weighed and individually coded syringes were 
pre- loaded with a weight- based volume of r- irisin or vehicle to keep 
experimenters blind to treatment during the actual injection proce-
dure. Mice received a total of 4 weekly injections across one month's 

time, with injections being delivered at the same time on the same 
day each week. A timeline for treatment administration, experimen-
tal groups and ages is presented in Figure 1. Group numbers and ex-
perimental parameters for the secondary control replicative cohort 
of tau null and htau mice are provided in Figure S1.

Fresh tissue collection and analysis for protein

Six days after the last treatment injection, mice were sacrificed via 
decapitation under 4% inhaled isoflurane administered via anaes-
thetic vaporiser. The hippocampus, prefrontal cortices, brainstem 
and hypothalamus were freshly dissected, immediately frozen on 
dry ice and then stored at −80°C until further analysis. Trunk blood 
was collected and centrifuged for 10 min at 4°C (at 2000 g) for sep-
aration/extraction of serum which was then stored at −80°C until 
use. The freshly dissected hippocampus, brainstem, hypothalamus 
and prefrontal cortex were prepared for automated capillary- based 
western blotting on a Wes platform (Protein Simple). The hippocam-
pus was targeted as the primary region of interest, because it is a 
major area impacted by neuropathology in htau mice and is also 
shown to express FNDC5.26 Secondary regions assessed included: 
brainstem, in which 4- month- old htau mice exhibited elevated ptau 
(serine 202) in serotonergic neurons of the dorsal raphe nucleus38; 
hypothalamus, a structure involved in metabolic regulatory func-
tions that has been shown to express FNDC5/irisin45; and prefrontal 
cortex, a common target of tauopathy in older htau mice.35

Tissue preparation for Wes occurred as described previously,38 
but briefly, brain tissue was homogenised in ice- cold T- PER buffer 
containing protease and (where relevant) phosphatase inhibitors 
(Thermo Scientific #78440) via sonification (10% amplitude for 
three 2- s pulses), and centrifuged at 14,000 rpm for 20 min at 4°C. 
The Wes platform detects and provides quantitative size- based 
measurement of targeted proteins by computing spectra of che-
miluminescence signals versus the apparent molecular weight of 
protein, which are determined by mapping ladder peaks to capillary 

F I G U R E  1  Illustration of timeline and experimental groups in study. Four- month- old 'pre- symptomatic’ female and male htau and 
matched non- AD control (C57BL/6 J) mice were assigned to irisin and vehicle treatment groups. Mice received weekly injections of either 
100 µg/kg recombinant human irisin or equivalent volume of saline vehicle for the duration of 4 weeks. Six days after the last treatment 
injection, mice (at 5 months of age) were sacrificed for fresh tissue collection. Thirty mice were used for the primary analyses of this study 
with the strain/treatment group breakdown as follows: 16 htau mice: 8 per treatment group; 14 C57BL/6 J mice: 7 per treatment group. 
All groups had equivalent numbers of each sex so that female and male data could be analysed separately
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positions based on fluorescent signalling of labelled protein stan-
dards of known molecular weight.46 Wes was used to quantify 
tau (ptau ser202; Cell Signaling #11834; 1:75 and total tau; Tau5 
Abcam#ab80579; 1:25), FNDC5 (ProteinTech #23995- 1- AP; 1:25) 
and TNFα (Rockland Scientific #210- 401- 321S; 1:10) in brain ho-
mogenates. For quantification of ptau levels, we measured tau phos-
phorylated at serine 202 because this form is shown to emerge in 
the pre- symptomatic pathological stage we were targeting in htau 
mice,38 as well as in the incipient pathology stage in human clinical 
samples.35,38,47,48 We chose TNFα as our surrogate marker of inflam-
mation in both brain and peripheral circulation because it is a pro- 
inflammatory cytokine commonly observed in htau mice and shown 
to be mitigated by irisin.49 All antibodies were diluted (ProteinSimple 
antibody diluent 2; #042- 195) prior to use. Tissue homogenates were 
loaded into 12– 230 kDa (ptau, tau, FNDC5) and 2– 40 kDa (TNFα) 
Wes plates for automated assay. To permit comparison with tau data 
from our previously published studies,38 GAPDH (Sigma #G9545; 
1:5000) was used as the loading control for ptau and total tau as-
says; for other analytes (FNDC5 and TNFα), a total protein detec-
tion module (ProteinSimple, #DM- TP01) was used to control for the 
amount of protein loaded into the assay. Tissue homogenates from 
tau null mice were used as negative control samples for ptau plates. 
Recombinant irisin protein was loaded as a positive control for 
FNDC5/irisin plates. Compass software (ProteinSimple, v3.1.7) was 
used to perform peak area calculations using the default Gaussian 
method and generate artificial lane view images from the spectra for 
graphic representation. Compass provided molecular weight, signal 
intensity (area), percent area, and signal- to- noise readout from each 
sample in units of normalised chemiluminescence. ‘Virtual’ bands 
were generated by Compass software using chemiluminescence val-
ues to graphically represent signal molecular weight and intensity 
for each analyte and are provided in Figure S2.

Enzyme- Linked immunosorbent assay for 
measurement of irisin in serum

Irisin was measured in serum samples from mice using a vali-
dated enzyme- linked immunosorbent assay (ELISA) kit (Phoenix 
Pharmaceuticals #EK- 067– 29: Burlingame) shown to measure the 
12 kDA form of cleaved irisin.28,50,51 Serum was diluted 10- fold in 
assay buffer and both samples and positive controls were ran in du-
plicate per manufacturer instructions. Assay sensitivity was 1.84 ng/
ml with a dynamic range of 0.1– 1000 mg/ml. Intra-  and inter- assay 
coefficients of variation were <10% and <15%, respectively. Assay 
absorbance was read at 450 nm on a Molecular Devices SpectraMax 
M5 plate reader and reported in ng/ml.

Statistical analysis

Group sizes were calculated with a priori power analysis using 
G*Power software52 based on our previously published effect 

sizes in htau mice.38,41 Statistical analysis was performed using 
IBM SPSS 26 Software. Separate datasets were created for female 
and male mice so that each sex could be analysed independently 
of each other. This was done to increase the sensitivity of detect-
ing treatment effects within each sex strata,40,53 as the design of 
the study was not intended to directly compare the sexes by in-
cluding sex as an independent variable. Prior to analysis, data were 
screened for outliers and normalcy using boxplots and frequency 
distributions in SPSS. Outliers that extended more than 2.5 stand-
ard deviations from subgroup mean were evaluated and in two 
cases where measurement error was obvious, data were removed. 
Factorial analysis of variance (ANOVA) models were built for each 
dataset (female and male) and were used to test for treatment (iri-
sin; vehicle) x strain (htau; control) effects and interactions. To fol-
low- up significant interactions in each data set, data were stratified 
(using the SPLIT function in SPSS) by treatment to test for strain 
differences and then by strain to test for treatment effects within 
these strata. Bonferroni- corrected post hoc ANOVA were used to 
determine subgroup differences. In the absence of significant in-
teractions, simple main effects were used to describe group dif-
ferences. Pearson correlations were used to describe relationships 
between continuous variables to provide additional information. 
Data from the replicative cohort with tau null and htau mice were 
analysed separately; statistics and results are provided in legend 
of Figure S1.

RESULTS

Statistical results for omnibus factorial ANOVAs are provided in 
Table 1.

Hippocampal ptau levels are significantly reduced 
in female htau mice after 4 weeks of exogenous 
irisin treatment

Figure 2 summarises protein assay data for ptau and total tau meas-
ured from brain samples of htau mice via automated western blot-
ting. Female htau mice treated with r- irisin exhibited a significant 
reduction in hippocampal ptau (F1,8 = 9.82, p = 0.01; Figure 2A). 
This finding represented a 30% difference in ptau levels between 
vehicle- treated and r- irisin treated htau mice after only 4 weeks of 
injections. Total tau was not affected by treatment (Figure 2B). Ptau 
did not significantly differ as a function of treatment group in brain-
stem, hypothalamus, or prefrontal cortex (Figure 2C).

Recombinant irisin treatment does not reduce neural 
ptau load in male htau mice

Irisin treatment had no effect on ptau levels in male htau mice in 
any brain region (Figure 2D,F), nor did it affect total tau (Figure 2E).
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Irisin treatment significantly reduces 
neuroinflammation in female htau mice

Irisin- treated female htau mice had significantly reduced hippocam-
pal TNFα relative to their vehicle- treated counterparts (F1,5 = 12.97, 
p < 0.05; Figure 3A). Notably, TNFα and ptau levels in the hippocam-
pus were significantly correlated in female htau mice (Figure 3B). 
While not statistically significant, TNFα levels in female htau brain-
stem and prefrontal cortex showed a trend towards similar irisin- 
related reductions (Figure 3B). Hippocampal TNFα levels were 
significantly greater in untreated female htau mice compared to C57 
controls (Figure 3A) and tau null controls (Figure S1), but this differ-
ence was eliminated in irisin- treated htau mice.

Irisin treatment exacerbated neuroinflammation in 
male htau mice

Irisin treatment produced different results in male htau mice; it en-
hanced hippocampal TNFα levels compared to male htau mice given 
saline vehicle, (F1,5 = 30.63, p = 0.003; Figure 3D). Unlike female 
htau mice, male htau hippocampal TNFα levels were not correlated 
with overall neural ptau load (Figure 3E). TNFα levels in the pre-
frontal cortex of r- irisin- treated male htau mice also appeared to 
be slightly elevated relative to vehicle- treated mice (Figure 3E), but 
this was not statistically supported. Hippocampal TNFα levels were 
significantly greater in male htau mice compared to C57 controls 
(Figure 3D) and tau null controls (Figure S1) regardless of treatment 
condition.

Irisin treatment effects on htau peripheral 
inflammation were consistent with effects on htau 
neuroinflammation

Since r- irisin was administered peripherally via intraperitoneal injec-
tion, we measured serum levels of TNFα to determine whether this 
treatment affected systemic inflammation. Consistent with our find-
ings in neural tissue, r- irisin treatment reduced serum TNFα levels in 
female htau mice, (F1,6 = 16.25, p = 0.007; Figure 3C), but failed to do 
so in male htau mice (Figure 3F). While not meeting criteria for sta-
tistical significance, it was noted that serum TNFα levels showed a 
trend of being higher among r- irisin treated males compared to those 
that received the saline vehicle, (F1,4 = 5.8, p = 0.07, ns).

FNDC5/irisin levels in the brain did not change as a 
function of irisin treatment

Neural levels of FNDC5/irisin were measured to determine 
whether peripherally administered irisin directly increased these 
protein levels in the brain. We detected several bands of FNDC5/
irisin at different molecular weights (Figure S2)— a finding consist-
ent with previously published literature that identified multiple 
FNDC5/irisin bands associated with the significant amount of 
post- translational modification/glycosylation of this protein that 
occurs in the brain.17,30,54,55 Therefore, we quantified and reported 
data from two bands (20 kDA and 37 kDA) that were consistent 
with those reported by Varela- Rodríguez et al. 45 that represented 
un- glycosylated and glycosylated forms of FNDC5, respectively. 

TA B L E  1  Main effect and interaction statistics for omnibus ANOVAs conducted on sex- stratified datasets

Factorial ANOVA F, p and eta2 values

Effect Ptau HC TNFα HC TNFα serum FNDC5 HC Irisin serum

Females (n = 15)

df 1, 7 1, 7 1, 10 1, 7 1, 11

Strain 59.44, p < 0.001* 5.187, p = 0.042* 74.54, p < 0.001* 3.332, p = ns 0.005, p = ns

Treatment 9.03, p = 0.02*, 
eta2 = 0.099

8.273, p = 0.014*, 
eta2 = 0.233

11.06, p < 0.001*, 
eta2 = 0.051

0.262, p = ns 21.16, p = 0.001*, 
eta2 = 0.656

Interaction 11.30, p = 0.012*, 
eta2 = 0.124

6.458, p = 0.026*, 
eta2 = 0.182

86.36, p < 0.001*, 
eta2 = 0.40

0.165, p = ns 0.059, p = ns

Males (n = 15)

df 1, 7 1, 7 1, 10 1, 7 1, 11

Strain 21.87, p = 0.002* 106.89, p < 0.001* 22.66, p < 0.001* 14.44, 
p = 0.007*

0.072, p = ns

Treatment 0.061, p = ns 9.016, p = 0.017*, 
eta2 = 0.066

0.255, p = ns 1.517, p = ns 34.11, p < 0.000*, 
eta2=0.747

Interaction 0.056, p = ns 13.585, p = 0.006*, 
eta2 = 0.099

0.187, p = ns 0.091, p = ns 0.077, p = ns

Strain = htau or C57 control; treatment = r- irisin or vehicle control; interaction = strain by treatment comparison. For sex, F = female; M = male; 
HC = hippocampus. FNDC5 HC analyses reported above based on composite variable created from sum of 20 and 37kDa forms. Degrees of freedom 
(df), ANOVA statistic (F), significance value (p) and effect sizes (eta2) are provided for treatment main effects and interactions.
*Indicates significant difference of p < 0.05.
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Post- translational modification also causes the molecular weight 
range to overlap between the full- length FNDC5 membrane- bound 
protein and truncated irisin.54,56 Both are shown to colocalise in 
parenchymal brain tissue, preventing specific determination of the 
cleaved protein (irisin) from its parent (FNDC5) in our Wes assays. 
Therefore, to preserve accuracy, we refer to these measurements 
in brain tissue as ‘FNDC5/irisin’ as was done by Lourenco and col-
leagues.30 In contrast, our ELISA measurements in serum are pre-
sumed to contain only the cleaved, secreted irisin protein and not 
membrane- bound FNDC5, thus we refer to these as ‘irisin’.30,57

For initial comparisons, we used a composite- dependent vari-
able for FNDC5/irisin created from the sum of both 20 and 37 kDa 
values for each brain region. The results did not indicate any sig-
nificant treatment- related changes in composite FNDC5/irisin 
(Figure 4A,B), but in male mice, there was a significant strain effect 
for the hippocampus (Table 1), prefrontal cortex (F1,8 = 8.48, p = 0.02) 
and brainstem (F1,8 = 18.28, p = 0.004). To further evaluate these 

findings, we analysed the 20 and 37 kDa bands separately. Data 
from vehicle- control mice showed that male htau had intrinsically 
elevated neural 37kDA FNDC5/irisin compared to male C57 mice in 
the hippocampus (F1,3 = 83.79, p = 0.003; Figure 4B), prefrontal cor-
tex (F1,4 = 11.65, p = 0.03), hypothalamus (F1,4 = 12.24, p = 0.03) and 
brainstem (F1,3 = 23.31, p = 0.02)— a region which also showed sig-
nificantly increased measurements of the 20 kDA form (F1,3 = 36.88, 
p = 0.009). Data are summarised in Figure 4C.

Serum irisin levels were elevated in response to 
treatment condition

Contrary to measurements in brain tissue, serum irisin levels were 
significantly enhanced in both female and male mice receiving r- irisin 
treatment regardless of strain (F1,22 = 51.39, p < 0.01; Figure 4D,E), 
confirming that peripheral administration of 100 µg/kg r- irisin 

F I G U R E  2  Mean tau (ptau serine 202 
and total tau) chemiluminescence in brain 
regions of htau mice as a function of irisin 
treatment. (A) Female htau mice treated 
with r- irisin (striped bars) had a significant 
reduction in hippocampal ptau202 
compared to vehicle- treated (solid bars) 
conspecifics. (B) Irisin treatment did 
not have an effect on total tau levels in 
female htau hippocampus. (C) Ptau in 
female htau prefrontal cortex, brainstem 
and hypothalamus did not statistically 
differ as a function of treatment. (D) In 
male htau mice, r- irisin treatment had no 
effect on ptau. (E) Irisin treatment did 
not have an effect on total tau levels in 
male htau hippocampus. (F) Ptau level did 
not vary by treatment in any other brain 
regions of male htau mice. Both ptau202 
and total tau data were calibrated for 
the amount protein loaded per sample 
using peak intensity chemiluminescence 
data for GAPDH. Error bars show s.e.m.; 
* indicates significant treatment group 
difference. p < 0.05 in all significant 
comparisons. n = 16 htau mice (4/sex/
treatment group)
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F I G U R E  3  TNFα as a surrogate marker 
of inflammation in brain and serum of 
mice. Mean TNFα chemiluminescence 
in brain and serum of htau (purple) 
and control C57BL/6 J (grey) mice as 
a function of treatment (striped bars = 
r- irisin treated mice; solid bars = vehicle- 
treated mice). (A) Treatment with r- irisin 
significantly reduced elevated levels 
of pro- inflammatory cytokine TNFα in 
hippocampus of female htau mice. TNFα 
in C57 control mice did not vary as a 
function of treatment. (B) Brainstem and 
prefrontal cortex ptau levels appeared 
to be reduced in irisin- treated female 
htau mice, but this was not statistically 
significant. Scatterplots depict strong 
correlation (indicated by Pearson's r 
value, p < 0.05) between hippocampal 
TNFα and ptau measurements for 
individual female htau mice. (C) Mean 
serum measurements of TNFα were 
significantly reduced in irisin- treated 
female htau mice. (D) Irisin- treated 
male htau mice showed significantly 
enhanced hippocampal inflammation 
compared to vehicle- treated htau mice. 
(E) TNFα also appeared to be elevated 
in irisin- treated male htau prefrontal 
cortex data but this was not statistically 
significant. Scatterplots illustrate the lack 
of correlation between hippocampal TNFα 
and ptau measurements for individual 
male htau mice (p = ns). (F) Mean serum 
measurements of TNFα did not differ 
as a function of irisin treatment in male 
htau mice, however they trended towards 
an irisin- induced increase. Results are 
calibrated by total protein loaded per 
sample. Error bars show s.e.m.; * indicates 
significant difference between treatment 
groups. # indicates significant strain 
difference between htau and C57 mice 
of same treatment group. p < 0.05 in all 
significant comparisons. n = 16 htau mice 
(4/sex/treatment group); 14 C57 mice  
(3- 4/sex/treatment group)
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effectively doubled the amount of circulating irisin in mice. This find-
ing also showed that blood levels of irisin were sustained for a rela-
tively long duration post- injection, as serum samples were collected 
from mice six days after the last treatment. No intrinsic differences 
in circulating irisin levels were shown between mouse strains nor did 
these levels appear to differ between females and males.

DISCUSSION

Previous studies support a protective role for irisin against AD- 
associated amyloid pathology and inflammation.30,31 Here, we expand 

this knowledge on irisin's therapeutic potential with evidence that one 
month of peripherally delivered irisin significantly reduced hippocam-
pal ptau and neuroinflammation in female htau mice— a model that 
approximates (but is not identical) to tauopathy in clinical dementia. 
This reduction was observed in pre- symptomatic female mice at an 
age where they only exhibit ‘pre- tangle’ and emerging pathology— 
therefore, it remains to be determined how irisin impacts more ad-
vanced aspects of tauopathy including neurofibrillary tangle formation 
and human pathology. However, these findings provide important in-
sights to irisin's potential as an early intervention in the disease process.

It is notable that the therapeutic effects of irisin were specific to 
female htau mice. Our data showed that irisin treatment did not alter 

F I G U R E  4  Irisin levels in mice. Mean 
FNDC5/irisin levels (37kDA band) in the 
hippocampus of htau (purple) and control 
C57BL/6 J (grey) mice as a function of 
treatment (striped bars = r- irisin treated 
mice; solid bars = vehicle- treated mice). (A) 
Female brain FNDC5/irisin levels did not 
differ as a function of treatment or strain. 
(B) Male brain FNDC5/irisin levels did 
not differ as a function of treatment, but 
vehicle- treated male htau mice exhibited 
significantly higher FNDC5/irisin levels 
than vehicle- treated C57 males. (C) Dot 
density scatterplots show individual 
composite measurements summed across 
20kDA and 37kDA bands for FNDC5/irisin 
protein in the hippocampus, brainstem, 
hypothalamus and prefrontal cortex for 
female and male htau and C57 mice. 
These summed composite values were 
normalised across all brain regions for 
depiction. (D&E) Serum levels of irisin are 
elevated in female and male mice treated 
with r- irisin regardless of strain. * indicates 
significant treatment group differences, 
significance = p < 0.05. n = 16 htau mice  
(4/sex/treatment group); 14 C57 mice  
(3– 4/sex/treatment group)
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ptau levels in male htau brains and actually seemed to enhance in-
flammation in these mice. While we anticipated some degree of sex 
differences in our results, this large divergence in findings was unex-
pected. AD disproportionately affects women4 by reasons that are 
not fully understood; a lack of direct, sex- based characterisations of 
both AD clinical presentations and experimental model phenotypes 
has likely contributed to this.58 While an increasing number of stud-
ies include subjects of both sexes, sex is not always analysed as a 
variable and data are often pooled for analysis. This is problematic 
for the field; if we had pooled data across sexes in this study, we 
would have obscured the intriguingly dichotomous sex- based treat-
ment effects of irisin (recall Figures 2 & 3).

As such, clinical and experimental studies that analyse sex- 
stratified data or directly test for sex effects are beginning to iden-
tify large sex differences in pathological phenotype.41– 44,59 Sex 
differences in irisin levels have been shown in human serum and 
cerebrospinal fluid samples, although the functional significance 
of this remains unknown.51,60,61 FNDC5 gene polymorphisms have 
been linked to cardiovascular complications in diabetic women but 
not men,62 suggesting that alterations in basal levels of FNDC5/
irisin may confer sex- based vulnerability to metabolic dysfunction. 
Sex differences in circulating gonadal hormones may also influence 
response to irisin. For example, gonadectomy was shown to alter 
serum irisin levels in female but not male mice.61 In our study, brain 
levels of FNDC5/irisin were intrinsically elevated in male htau mice 
compared to male controls and all females. Similar elevations in irisin 
have been reported in the context of obesity, hypoglycaemia, hy-
pertension, and even normal aging; this elevated irisin is postulated 
to occur as a compensatory response to challenged energy homeo-
stasis.63- 66 There are also data showing that these compensatory in-
creases in irisin may confer insensitivity to effects of the hormone.67 
This ‘irisin- resistance’ could explain our observed lack of treatment 
effect on ptau levels in male htau mice. However, our TNFα data do 
not support this because they show that irisin treatment increased 
both neural and systemic inflammation in male htau mice. A recent 
study found that glutaminergic receptors in the brains of female and 
male mice exhibit strikingly different pharmacological responses to 
pathological AD proteins.68 These authors suggest that such intrinsic 
neurobiological differences between females and males may cause 
certain therapeutics to be effective in one sex but not the other. 
This is a critically important concept for the field to recognise and 
may account for the current data showing sex- based divergence of 
treatment response to irisin in htau mice. Much more work is needed 
focusing on the underlying mechanisms and identification of sex dif-
ferences in response to therapeutic treatment.

As previously indicated, irisin- induced reduction of hippocampal 
ptau in female htau mice coincided with reduced pro- inflammatory 
TNFα levels— in both brain and serum— supporting the premise that 
irisin's anti- inflammatory properties may partially account for its 
therapeutic effect in reducing neural ptau.69,70 In female htau mice, 
we observed a significant correlation between peripheral and neu-
ral TNFα levels, as well as between neuroinflammation and overall 
neural ptau load. While TNFα was used heuristically because it is a 

robust inflammatory cytokine that maximised our chance of detecting 
treatment- related changes in overall inflammatory load, these results 
are limited by the fact that this is only a single marker within an incred-
ibly complex inflammatory landscape that irisin may impact. In brain 
and peripheral tissue, irisin has been found to inhibit pro- inflammatory 
p38/MAPK, STAT332,70 and toll- like receptor/MYD88/NFκB signalling 
pathways,22,69,71 as well as NL3R inflammasome signalling.72,73 In AD, 
inflammatory signalling that arises either acutely in the brain or chron-
ically from the periphery is shown to facilitate Aβ and ptau accumu-
lation.74,75 Current studies in our laboratory are underway to conduct 
a more comprehensive screening of how irisin treatment impacts var-
ious pro-  and anti-  inflammatory cytokines and chemokines in CNS 
and periphery of htau mice, and future work will need to further refine 
the mechanisms irisin exerts in this and other inflammatory models.

Another mechanism by which irisin may provide neuroprotec-
tion involves its role in mediating insulin signalling.6,76 In obesity and 
T2DM models, irisin treatment can correct insulin resistance and 
increase glucose uptake by cells.20,77 While insulin is not required 
for glucose uptake in neurons,78 it is critical for regulating neuro-
nal growth, protein synthesis, and autophagy,6,76,79 and insulin re-
ceptor signalling activates MAPK and PI3/Akt pathways.79 This is 
important because PI3/Akt regulates glycogen synthase kinase 3β 
(GSK3β), a stress kinase that contributes to tau hyperphosphoryla-
tion in AD.80,81 Insulin signalling enhances PI3/Akt- mediated inhi-
bition of GSK3β, which prevents this kinase from phosphorylating 
tau82; thus, chronic inflammation and/or insulin deficiency resulting 
from cardiometabolic disease can disrupt insulin- PI3/Akt- mediated 
inhibition of GSK3β in the brain.83 While other kinase pathways also 
contribute to tauopathy in AD, this insulin- dependent regulation of 
the GSK3 pathway is a potential mechanism by which irisin could 
exert its neuroprotective effects. Future studies will need to explore 
how irisin impacts both insulin- dependent and - independent (e.g., 
Wnt/β- catenin84) GSK3β regulation in AD models.

We did not observe any increases in neural FNDC5/irisin levels 
in mice as a result of exogenous treatment with recombinant irisin 
protein; however, serum levels of irisin were doubled in all animals 
receiving this treatment. This provokes a question of how peripher-
ally delivered irisin drives therapeutic effects in female htau mouse 
brain. Serum irisin is presumed to only contain the cleaved, secreted 
irisin protein and not membrane- bound FNDC5.30,56,85 The molecu-
lar weights of FNDC5 we detected in brain tissue were higher than 
serum measurements and the recombinant irisin control protein 
(12 kDa). However, this was consistent with previous literature re-
porting that FNDC5/irisin undergoes significant post- translational 
modification in the brain that changes the molecular weight of the 
protein.17,30,54,55 It is possible that these changes alter protein func-
tion,54 uncoupling FNDC5 and irisin levels and obscure accurate de-
tection of these proteins in the brain.56

Another issue to consider is that while several studies26,30,51,86 in-
directly support the premise that irisin crosses the blood– brain barrier 
(BBB), there have been no direct assessments of irisin's BBB permea-
bility and/or membrane transport mechanism. With r- irisin treatment 
doubling serum irisin levels in mice, we would have expected to see 
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some change in brain FNDC5/irisin levels in our mice if irisin were 
independently BBB permeable. It is possible that circulating irisin may 
indirectly affect the CNS by interacting with an unknown, intermedi-
ate mechanism that has greater membrane portability (e.g., lactate, as 
described in the study by El Hayek et al. 87). Future work will need to 
determine the specific attributes of irisin's BBB permeability.

Much remains to be learned about irisin. Although this work is in 
its infancy, we are beginning to see the importance of this ‘exercise 
hormone’ in normal health and aging, and how it may hold promise for 
combatting AD, which is unceasingly fatal and currently untreatable.
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