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ART ICLE  O  pen  A  c c e s s  

Pro-inflammatory interleukin-6 signaling links 
cognitive impairments and peripheral metabolic 
alterations in Alzheimer’s disease 
Natalia M. Lyra e Silva1,2, Rafaella A. Gonçalves1,2,3, Tharick  A.  Pascoal  4, Ricardo A. S. Lima-Filho1, 
Elisa de Paula França Resende5,6, Erica L. M. Vieira7, Antonio L. Teixeira 8,9, Leonardo C. de Souza5,6, Julyanna A.  Peny1, 
Juliana T. S. Fortuna10, Isadora C. Furigo11, Debora Hashiguchi12, Vivian S. Miya-Coreixas1, Julia R. Clarke13, 
Jose F. Abisambra14, Beatriz  M.  Longo  12, Jose Donato Jr. 11, Paul E. Fraser3,15, Pedro Rosa-Neto 4, Paulo Caramelli5, 

1,2,16,17 Sergio T. Ferreira 1,10 and Fernanda G. De Felice 

Abstract 
Alzheimer’s disease (AD) is associated with memory impairment and altered peripheral metabolism. Mounting 
evidence indicates that abnormal signaling in a brain-periphery metabolic axis plays a role in AD pathophysiology. The 
activation of pro-inflammatory pathways in the brain, including the interleukin-6 (IL-6) pathway, comprises a potential 
point of convergence between memory dysfunction and metabolic alterations in AD that remains to be better 
explored. Using T2-weighted magnetic resonance imaging (MRI), we observed signs of probable inflammation in the 
hypothalamus and in the hippocampus of AD patients when compared to cognitively healthy control subjects. 
Pathological examination of post-mortem AD hypothalamus revealed the presence of hyperphosphorylated tau and 
tangle-like structures, as well as parenchymal and vascular amyloid deposits surrounded by astrocytes. T2 
hyperintensities on MRI positively correlated with plasma IL-6, and both correlated inversely with cognitive 
performance and hypothalamic/hippocampal volumes in AD patients. Increased IL-6 and suppressor of cytokine 
signaling 3 (SOCS3) were observed in post-mortem AD brains. Moreover, activation of the IL-6 pathway was observed 
in the hypothalamus and hippocampus of AD mice. Neutralization of IL-6 and inhibition of the signal transducer and 
activator of transcription 3 (STAT3) signaling in the brains of AD mouse models alleviated memory impairment and 
peripheral glucose intolerance, and normalized plasma IL-6 levels. Collectively, these results point to IL-6 as a link 
between cognitive impairment and peripheral metabolic alterations in AD. Targeting pro-inflammatory IL-6 signaling 
may be a strategy to alleviate memory impairment and metabolic alterations in the disease. 

Introduction adults1. Although AD is classically recognized as a disease 
Alzheimer’s disease (AD) is a progressive neurodegen- that affects cognition, metabolic alterations have been also 

erative disorder with the highest prevalence in older described in patients and in animal models2–5. Growing 
evidence indicates that miscommunication between the 
brain and periphery may be critical in the pathophysiology of 
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of pro-inflammatory and toxic mediators8,9 that can elicit 
synaptic dysfunction10–12, alterations in the hypothalamus-
pituitary-adrenal (HPA) axis13, and BBB dysregulation14. 
The chronic combination of central and peripheral inflam-
mation may thus promote cognitive decline, brain and 
peripheral metabolic alterations in AD2,10,11,15. 
The inflammatory mediators interleukin-6 (IL-6) and 

tumor necrosis factor-α (TNF-α) have been implicated in 
AD10,11,16–18. Our group has previously demonstrated that 
TNF-α mediates memory impairment and peripheral 
glucose intolerance by disrupting insulin signaling and 
activating cellular stress pathways in AD mouse mod-
els2,11. IL-6 is a component of early-stage amyloid plaque 
formation in AD brains19 and has been implicated in tau 
phosphorylation20, synapse loss, and learning deficits in 
mice20–22. Despite some controversy in the literature, 
previous meta-analyses have concluded that IL-6 is 
increased in both cerebrospinal fluid (CSF) and plasma of 
mild cognitive impairment (MCI) and AD patients com-
pared to control individuals23,24. Although this suggests 
an association between IL-6 and AD pathogenesis, a 
causal link between IL-6, cognitive deficits, and peripheral 
metabolic dysregulation in AD remains to be established. 
Using T2-weighted magnetic resonance imaging (MRI), 

we observed signs of probable inflammation (revealed by T2 
hyperintensity signals) in the hypothalamus and hippo-
campus of AD patients compared to cognitively healthy 
controls. Hypothalamic and hippocampal T2 hyper-
intensities showed a positive correlation with IL-6 con-
centrations in the plasma, and a negative correlation with 
Mini-Mental State Examination (MMSE) scores and hypo-
thalamic/hippocampal volumes. We observed the presence 
of histopathological AD hallmarks in post-mortem AD 
hypothalamus, including hyperphosphorylated tau, amyloid-
β (Aβ) aggregates, and the presence of glial fibrillary acidic 
protein (GFAP) immunoreactivity surrounding parenchymal 
and vascular amyloid deposits. Moreover, IL-6-positive 
astrocytes and plaques were detected in AD hypothalamus 
and cortex, respectively, and increased IL-6 levels and sig-
naling were found in AD cortex, as well as in the hippo-
campus and hypothalamus of animal models of AD. 
Increased plasma IL-6 correlated inversely with cognitive 
performance and hypothalamic/hippocampal volumes in a 
cohort of AD patients and cognitively healthy controls, and 
the neutralization of IL-6 in the brains of AD mouse models 
rescued memory deficits, peripheral glucose intolerance and 
circulating IL-6 levels. Our findings establish dysregulated 
IL-6 signaling as a key mechanism linking memory/cognitive 
impairment and metabolic dysregulation in AD. 

Methods 
Subjects 
Patients with dementia due to AD were recruited at a 

public university-based memory clinic (Hospital das 

Clínicas, Federal University of Minas Gerais, Belo 
Horizonte, Brazil), and were diagnosed following the 
National Institute of Aging and Alzheimer’s Associa-
tion criteria25. Cognitively healthy controls were 
recruited from the local community. Individuals were 
matched to patients by age, sex, education, and socio-
economic status (Supplementary Table 1). Exclusion 
criteria for both patient and control groups included 
the presence of other diagnosed neurological syn-
dromes. Cognition was evaluated through the Mini-
Mental State Examination (MMSE)26, the  verbal  pho-
nemic fluency27, the Brief Cognitive Battery28, and  the  
Frontal Assessment Battery (FAB)29. These procedures, 
as well as the MRI and all laboratory tests (see below), 
received approval from the institution’s ethics com-
mittee. Prior to joining the study, participants signed 
written informed consent. 

Human brain samples 
Paraffin-embedded post-mortem samples of the lateral 

hypothalamus and the cingulate cortex from AD and 
controls were obtained from the Maritime Brain Tissue 
Bank (Nova Scotia, CA). Frozen brain tissue from AD and 
controls (Supplementary Table 2 for demographics) were 
acquired from the University of Kentucky Alzheimer’s 
Disease Center (UKADC) Tissue Bank (Lexington, USA). 
Sample collection and experimental procedures followed 
protocols approved by Institutional Review Board. 

Magnetic resonance imaging 
Subjects underwent brain MRI scans in a 3 Tesla Philips 

Achieva scanner. Three-dimensional T1-weighted images 
were acquired in the sagittal plane with spin-echo echo-
planar sequences, TR/TE = 16/4 ms, matrix = 240 × 240, 
slice thickness=1.0 mm, 1.0 mm gap between slices and 
flip angle of 8°. T2 images were obtained in axial plane with 
single-shot, spin-echo echoplanar sequences (TR/TE = 
140,000/120 ms, Echo train length=27 mm, FO = 240 mm, 
matrix=352 × 212 (reconstructed 512 × 512), slice thick-
ness = 5.0 mm, 6.0 mm gap between slices). Regions-of-
interest (ROIs) were tailored from validated brain 
Atlas30,31. Briefly, T1-weighted MRIs were corrected for 
field distortions, non-uniformity corrected, segmented, and 
non-linearly transformed to the MNI reference space using 
the CIVET pipeline, according to our standard protocol32. 
Then, we transformed the Brain Atlas ROIs from the MNI 
reference space to each individual native space using the 
aforementioned non-linear transformation. Transformed 
ROIs were visually inspected by two neurologists to con-
firm anatomical accuracy. T2 image signal intensity, pre-
viously found to be a proxy of brain gliosis33–37, was  
measured in the hypothalamus, hippocampus, and puta-
men ROIs. T2 signal intensity ratios were then calculated 
by comparing mean signal intensities in hypothalamus or 
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hippocampus ROIs with the mean signal intensity in the 
control putamen ROI, as previously described38. 

Immunofluorescence 
Five µm sections of paraffin-embedded tissue under-

went epitope retrieval with boiling citrate buffer for 
20 min followed by blockage with 5% normal goat serum 
(NGS) and 5% bovine serum albumin (BSA) diluted in 
0.05% Triton X-100 Phosphate-buffered saline (PBS). 
Primary antibodies against Aβ, 6E10 (1:200; Biolegend, 
San Diego, CA; Cat#803014) and ab134022 (1:200; 
Abcam, Cambridge, UK), phospho-TauSer202Thr205, 
AT8 (1:200; Invitrogen, Waltham, MA; Cat#MN1020) 
and GFAP (1:500; Cell signaling, Danvers, MA) were 
diluted in blocking buffer. Brain sections were incubated 
with primary antibody for 16 h at 4 °C. For IL-6/GFAP 
double immunofluorescence, primary antibodies against 
IL-6 (1:1,000; Abcam; ab6672) and GFAP (1:1,000; Cell 
signaling; Cat#3670) were incubated at 4 °C for 3 con-
secutive days. Sections were incubated with the secondary 
antibodies Cy3- (1:500; Abcam), Cy5- (1:500; Abcam), or 
AlexaFluor 488-conjugated (1:1,000; Thermo Fisher Sci-
entific, Waltham, MA; Cat#A11034) for 2 h at room 
temperature. Prolong Gold Antifade with DAPI (Invitro-
gen) was used to mount the slides. The Zeiss Axio 
Observer Z1 microscope was used for imaging. The 
absence of nonspecific labeling was confirmed by not 
including the primary antibodies in the reaction (data not 
shown). 

Animals 
Institutional Animal Care and Use Committee of the 

Federal University of Rio de Janeiro approved all experi-
ments with animals included in this study. Three-month-
old C57BL/6 male mice were obtained from our own 
facility and were randomly assigned to receive either 
intracerebroventricular (i.c.v.) infusions of Aβ oligomers 
(AβOs) or vehicle (Veh) (see below). APP/PS1 transgenic 
mice (APPswe/PS1ΔE9; RRID: MMRRC_034829-JAX) 
were maintained in a hemizygote state by crossing to 
C57BL/6 mice. Eleven‐month‐old APP/PS1 and wild‐type 
(WT) littermate male mice were used in this study. All 
animals were housed in groups of five per cage in a room 
under a 12‐h light/dark cycle, and with free access to food 
and water. Researchers were blinded to the experimental 
conditions. Animals were deeply anesthetized with xyla-
zine (10 mg/kg) and ketamine (100 mg/kg) prior to ter-
mination by decapitation or transcardial perfusion with 
PBS and 4% paraformaldehyde solution in PBS. 

Enzyme-linked immunosorbent assays (ELISAs) 
Human post-mortem tissues were homogenized in Tris-

buffered saline (TBS) with phosphatase and protease 
inhibitors. IL-6 was detected using the DuoSet Human IL-

6 ELISA kit (DY206-05; R&D Systems, Minneapolis, MN). 
For measurements in mice, blood was collected either via 
cardiac puncture using heparin-containing syringes (for 
IL-6 determination) or from the tail vein using EDTA-
coated microvettes (Sarstedt, Numbrecht, Germany) (for 
insulin/leptin determination) after 4 h of fasting. ELISAs 
were performed using plasma and according to manu-
facturers’ instructions: DuoSet mouse IL-6 ELISA kit 
(DY406-05; R&D Systems), ultrasensitive insulin ELISA 
(ALPCO Diagnostics, Salem, NH), and mouse leptin 
ELISA (Crystal Chem Inc, Elk Grove Village, IL). 

Cytometric beads array 
IL-6 in human plasma was analyzed using the cyto-

metric bead array (CBA) kit according to instructions 
provided by the manufacturer (Becton & Dickinson, 
Franklin Lakes, NJ). A FACS CANTO II flow cytometer 
was used to acquire data, that were subsequently analyzed 
using the FCAP Array software (Becton & Dickinson). 

Intracerebroventricular infusion of AβOs 
Synthetic Aβ1–42 peptide (American Peptide) was used 

to prepare the AβOs as originally described39, and each 
preparation was characterized by size-exclusion gel fil-
tration40. AβOs were stored at 4 °C and were used within 
48 h of preparation. 100 pmol of AβOs in a total volume 
of 1.5 μl, or an equal volume of vehicle, was i.c.v. infused 
unilaterally once into C57BL/6 mice, as previously 
described40. 

Intracerebroventricular treatments with anti-IL-6 or AG490 
APP/PS1 or WT mice were randomized between 

experimental group conditions and received four uni-
lateral i.c.v. infusions of 300 ng anti-IL-6 (R&D Systems) 
or an irrelevant antibody (anti-GFP, Invitrogen) every 
other day, in a total volume of 1.5 μl. Novel object 
recognition (NOR) and glucose tolerance (GTT) tests (see 
below) were performed 24 h after the third and fourth 
infusions of anti-IL-6 or anti-GFP, respectively. A total of 
5 nmol of AG490 (Millipore, Burlington, MA) in a total 
volume of 1 μl was i.c.v. infused unilaterally into C57BL/6 
mice thirty minutes after AβOs or Veh were i.c.v. infused. 
GTT and NOR were performed 36 and 48 h after treat-
ments, respectively. 

Primary hippocampal cultures and immunocytochemistry 
18 day-old Wistar rat embryos had their hippocampi 

dissected and cultures were prepared as described in 
ref. 41. Cells were maintained in culture for 18 days and 
were subsequently incubated with 500 nM of AβOs, or a 
corresponding volume of vehicle for 24 h at 37 °C. 
Immunocytochemistry was performed as previously 
described42 using MAP2 (1:200; Santa Cruz Biotechnol-
ogy; Cat#sc20172) and pSTAT3 antibodies (1:500; Santa 
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Cruz Biotechnology; Cat#sc8059) at 4 °C for 16 h, and 
Alexa-conjugated secondary antibodies at room tem-
perature for 2 h. The Zeiss Axio Observer Z1 Microscope 
with an Apotome module was used to image the cells. 

Western blots 
Hippocampi and hypothalami were dissected, frozen in 

dry ice, and homogenized as described43. Protein content 
was separated on SDS-PAGE gels (4–20%) and trans-
ferred to a nitrocellulose membrane. Membranes were 
incubated for 16 h at 4 °C with pSTAT3 (1:500; Cell Sig-
naling; Cat#9131 S), SOCS3 (1:500; Cell Signaling; 
Cat#2923) or β‐actin (1:10,000; Cell Signaling; Cat#12262) 
antibodies in blocking buffer with 3% bovine serum 
albumin (BSA). Subsequently, membranes were incubated 
with horseradish peroxidase‐conjugated secondary anti-
body (1:30,000–50,000; Thermo Fisher Scientific), or with 
IRDye800CW‐ or IRDye680RD‐conjugated secondary 
antibodies (1:10,000; Licor) in blocking buffer at room 
temperature for 2 h. ECL reagent or SuperSignal West 
Femto (Thermo Fisher Scientific) were used to develop 
chemiluminescence. Signals were quantified on Chemi-
Doc (BioRad, Hercules, CA) or Odyssey CLx apparatuses 
(Licor, Lincoln, NE). 

In situ hybridization 
Brains were processed as described44. SOCS3-35S-

labeled riboprobes were generated from cDNA tem-
plates corresponding to positions 634-981 from the cod-
ing sequence of the mouse Socs3 gene (GenBank 
accession number NM_007707.3). Hybridization buffer 
was used to dilute cRNA probes. Sections were hybridized 
overnight at 56 °C and mounted onto SuperFrost Plus 
slides (Fisher Scientific). Slices underwent a dehydration 
step that involved increasing concentrations of ethanol 
and clearing in xylene for 5 min. The sections were dipped 
into NTB2 photographic emulsion (Kodak), dried, and 
stored at 4 °C for approximately 30 days in slide boxes 
protected from light and containing a desiccant. D-19 
developer (Kodak) was used to further develop the slices. 
After the second step of dehydration, as described above, 
slices were coverslipped with DPX (Sigma-Aldrich). The 
Axio Imager A1 (Zeiss) microscope was used to image the 
slides. 

RNA extraction and quantitative PCR (qPCR) 
Tissues were dissected and submerged in RNAlater 

solution (Thermo Fisher Scientific). Samples were 
homogenized as described43. Two μg of RNA were used to 
synthesize the cDNA using the SuperStrand III Reverse 
Transcriptase kit (Invitrogen). The Applied Biosystems 
7500 Real-Time PCR system in combination with the 
Power SYBR kit (Applied Biosystems) were used to ana-
lyse the expression of genes of interest. β-actin or 

β-tubulin were used as endogenous controls. Supple-
mentary Table 3 provides the primer pair sequences used. 
Fold changes in gene expression were calculated using 
cycle threshold (Ct) values and the 2-ΔΔCt method45. 

Novel object recognition (NOR) task 
NOR was carried out as previously described11,40. 

Training and test sessions were 5-min long. During the 
training, animals were placed in the center of an open 
field arena where they could freely explore two identical 
objects. The time spent exploring each object was mea-
sured by an experienced researcher. During the test ses-
sion (one hour later), animals were reintroduced to the 
arena, where they could now explore one novel object and 
one of the two familiar objects previously used in the 
training session. An experienced researcher measured the 
time exploring familiar and novel objects. Results repre-
sent the percentage of time exploring each object in 
relation to the total exploration time of both objects. The 
percentage of time spent exploring the novel object was 
compared to the chance level of 50% using one-sample 
Student’s t-test. 

Glucose tolerance test (GTT) 
Following 12 h of fasting, 1 g/kg body weight of glucose 

was intraperitoneally injected. Blood glucose levels were 
measured from the tail vein at different times thereafter 
using the One‐Touch® Ultra® glucometer (Johnson & 
Johnson). 

Statistics 
Values are expressed as means ± standard error of the 

mean (SEM). Statistical analyses were performed using 
GraphPad Prism 6 (GraphPad Software) and significances 
were determined by Student’s t-test, one- or two-way 
ANOVA followed by Dunnet’s or Tukey’s post-hoc tests, 
as appropriate. Welch’s correction was used when var-
iances differed between groups. Correlation analyses were 
determined using Pearson’s correlation coefficient or 
Spearman’s rank correlation coefficient were calculated 
when variables were not normally distributed. Sample 
sizes were estimated from pilot studies and previous 
experience. No algorithm or software was used for 
experimental group randomization. 

Results 
T2-weighted signal hyperintensities in the AD 
hypothalamus and hippocampus correlate inversely with 
MMSE scores and gray matter densities 
We initially sought to investigate whether AD patients 

exhibited signs of probable hypothalamic inflammation. 
Previous findings from our group have shown elevated 
inflammatory markers in the hypothalamus of rodent and 
non-human primate models of AD2. We  first focused on 
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signs of hypothalamic inflammation by examining T2-
weighted MRI signal intensities35,38,46,47 in images 
obtained from a cohort of 16 AD patients and 18 control 
individuals (Fig. 1a; Supplementary Table 1). We defined 
regions of interest in the hypothalamus and in the puta-
men (used as a control region) and compared the ratios of 
hypothalamus/putamen T2-weighed intensities in AD 
versus controls. We found a significant increase in 
hypothalamus/putamen ratios in AD compared to control 
subjects (Fig. 1b). We further observed that hypothalamic 
T2 hyperintensities showed an inverse correlation with 
MMSE scores in our study sample (Fig. 1c). 
Because brain inflammation, particularly in brain areas 

involved in learning and memory, has been implicated in 
cognitive impairment and neuronal dysfunction in AD, we 
further examined hippocampal T2-weighted signals in our 
sample. We detected a significant increase in the hippo-
campus/putamen signal ratio in the AD group compared 
to healthy controls (Fig. 1d), and an inverse correlation 
between hippocampus/putamen T2 signal ratios and 
MMSE scores (Fig. 1e). Results further revealed a strong 
correlation between hypothalamic and hippocampal 
T2 signal hyperintensities (Supplementary Fig. 1). These 
results indicate that these signs of probable inflammation 
correlate with impaired cognitive function and occur in 
parallel in the AD hippocampus, a key memory center, 
and hypothalamus, a brain region centrally involved in 
peripheral metabolic control. 
Further, we used voxel-based morphometry (VBM) to 

assess hypothalamic and hippocampal volumes in the 
same cohort. AD patients exhibited decreased gray matter 
densities in the hypothalamus (Fig. 1f) and hippocampus 
(Fig. 1g). These findings are in accordance with previous 
studies48–50. Additionally, we observed a negative corre-
lation between volume and T2 signal hyperintensities in 
both brain regions (Fig. 1h, i). 

Intraneuronal hyperphosphorylated tau aggregates, Aβ 
deposits and inflammatory markers in post-mortem AD 
hypothalamus 
We then moved to investigate the presence of neuro-

pathological hallmarks of AD in the lateral hypothalamus of 
post-mortem AD brain tissue. We detected the presence of 
dense Aβ aggregates and strong vascular deposition of Aβ 
in AD hypothalamus (Fig. 2a, b). Immunohistochemistry 
using the AT8 antibody revealed the presence of intracel-
lular aggregates of hyperphosphorylated tau in hypotha-
lamic neurons and an increasing trend of AT8 fluorescence 
intensity in AD (Fig. 2c). 
GFAP-positive astrocytes were found surrounding par-

enchymal Aβ plaques and vascular Aβ deposits in AD 
hypothalamus (Fig. 2b). Since astrocytes have been impli-
cated in brain inflammation and have been shown to be the 
primary producers of IL-6 in AD9,51, we investigated if IL-6 

co-localizes with astrocytes surrounding Aβ deposits in the 
AD hypothalamus. Indeed, IL-6 immunoreactivity was 
detected in hypothalamic GFAP-positive cells that were 
also positive for Aβ in the AD brain (Fig. 2d, e). 

IL-6 is upregulated in AD brain and plasma, and correlates 
positively with brain inflammation and inversely with 
MMSE scores 
We further examined the cingulate cortex, a brain region 

prominently affected in AD52,53, in the  same  post-mortem 
brains described above. The analysis revealed IL-6 immu-
noreactivity in Aβ plaques of AD brains, but not in plaques 
present in age-matched control brains (Fig. 3a–c). 
To determine whether IL-6 was upregulated in AD 

brains, we measured IL-6 levels in pre-frontal cortex 
(PFC) homogenates from AD and control brains (Sup-
plementary Table 2; Fig. 3d). This showed an increase in 
IL-6 in the AD PFC compared to controls. We further 
detected an increase in suppressor of cytokine signaling 3 
(SOCS3), a downstream mediator of IL-6 signaling, in the 
AD PFC relative to control (Fig. 3e). 
A marked increase in IL-6 was further detected in the 

plasma of the AD patients (Fig. 3f) studied by MRI in Fig. 1. 
Plasma IL-6 correlated positively with hippocampal (Fig. 3g) 
T2-weighted signals and correlated inversely with perfor-
mance in the MMSE (Fig. 3h), FAB (Fig. 3i), category flu-
ency (Supplementary Fig. 2a) tests, as well as with 
hypothalamic and hippocampal gray matter densities (Sup-
plementary Fig. 2b, c). These results suggest a correlation 
between brain/peripheral inflammation, neurodegeneration, 
and impaired cognitive performance. 

Brain IL-6 signaling is upregulated and mediates memory 
impairment in AD mouse models 
Next, we sought to evaluate brain IL-6 signaling and the 

involvement of this pathway in memory function in 
mouse models of AD. We first observed increased IL-6 
and STAT3 activation in the hippocampi of APP/PS1 
mice compared to WT animals (Fig. 4a, b). 
To directly investigate the role of Aβ in hippocampal 

upregulation of IL-6 signaling, we carried out experiments 
using AβOs, toxins involved with AD pathogenesis54,55. 
We observed elevated expression of IL-6 and SOCS3 (Fig. 
4c, d) and activation of STAT3 (pSTAT3; Fig. 4e) in the 
hippocampi of mice 24 h after a single intracerebroven-
tricular (i.c.v.) infusion of AβOs. In primary hippocampal 
cultures exposed to AβOs, pSTAT3 was prominently 
located in the nuclei of non-neuronal cells exposed to 
AβOs (Fig. 4f), which is consistent with its action as a 
transcription factor. 
To investigate the involvement of brain IL-6 signaling in 

memory impairment in AD mouse models, we first trea-
ted APP/PS1 mice via i.c.v. with an IL-6 neutralizing 
antibody56 and assessed memory using the NOR task. 
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Fig. 1 T2-weighted signal hyperintensities in the AD hypothalamus and hippocampus correlate inversely with MMSE scores and gray 
matter densities. a Representative transversal (left) and coronal (right) T2-weighted images from control (CTL, top) and AD (bottom) patients. 
Arrows indicate the placement of right and left ROIs in the hypothalamus (yellow arrows) and hippocampus (white arrows). b Bars represent means 
± SEM of T2-intensity signal ratios (hypothalamus relative to putamen) in control subjects (n = 18) and AD patients (n = 16); symbols represent 
individual subjects; p-value was calculated from student’s t-test and is shown in the graph. c Correlation between hypothalamus/putamen T2-intensity 
signal ratios and MMSE scores. Pearson correlation coefficient (r) and p-value are shown in the graph (n = 34). d Bars represent means ± SEM of T2-
intensity signal ratios (hippocampus relative to putamen) in control subjects (n = 18) and AD patients (n = 16); symbols represent individual patients; p-
value (Mann-Whitney test) is shown in the graph. e Correlation between hippocampus/putamen T2-intensity signal ratios and MMSE scores. Spearman 
correlation coefficient (r) and p-value are shown in the graph (n = 34). Bars represent means ± SEM of hypothalamic (f) and hippocampal (g) gray matter 
densities measured by voxel-based morphometry in control subjects (n = 17) and AD patients (n = 13); symbols represent individual patients; p-value 
(Student’s t-test) is shown in graph. h Correlation between hypothalamus gray matter density and hypothalamus/putamen T2-intensity signal ratios. 
Pearson correlation coefficient (r) and p-value are shown in the graph (n = 30). i Correlation between hippocampus gray matter density and 
hippocampus/putamen T2-intensity signal ratios. Spearman correlation coefficient (r) and p-value are shown in the graph (n = 30). 

APP/PS1 mice treated with anti-IL-6 exhibited similar PS1 mice treated with a control irrelevant antibody (anti-
performance in the NOR task as WT mice, indicating GFP) failed to discriminate between new and familiar 
reversal of memory deficits (Fig. 4g). As expected, APP/ objects in NOR task (Fig. 4g). 
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Fig. 2 (See legend on next page.) 

To further examine the impact of increased central IL- Consistent with our previous reports11,40, AβO-infused 
6/STAT3 signaling on memory deficits, we treated AβO- mice showed impaired memory in the NOR task (Fig. 4h). 
infused mice via i.c.v. with the STAT3 inhibitor, AG490. AβO-induced memory impairment was prevented by 
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(see figure on previous page) 
Fig. 2 Intraneuronal hyperphosphorylated tau aggregates, Aβ deposits and inflammatory markers in post-mortem AD hypothalamus. a 
Representative photomicrographs showing immunostaining of Aβ deposits (6E10 antibody; red) in the lateral hypothalamus of AD cases (AD1: 
Female 77 years old; AD2: Female, 88 years old; AD3: Female, 82 years old) and age-matched control (CTL1: Female, 71 years old; CTL2: Female, 80 
years old). Graph represents means ± SEM of number of plaques in AD patients or control individuals; p-value was calculated from student’s t-test, 
and is shown in the graph. b Representative photomicrographs of the lateral hypothalamus showing double immunofluorescence staining for Aβ 
(Abcam ab134022; red) and astrocytes (GFAP; green) in post-mortem AD (AD1: Female 77 years old; AD2: Female, 88 years old) and age-matched 
control (CTL: Female, 71 years old). Magnified images of specific fields are indicated by the dashed rectangles in the main panels. c Representative 
photomicrographs of the lateral hypothalamus showing positive intraneuronal immunostaining for AT8 (p-tau antibody; red) in neurons in AD cases 
(AD1: Female, 82 years old; AD2: Female 77 years old) and absence of AT8-positive cells in age-matched control (CTL1: Female, 71 years old; CTL2: 
Female, 80 years old). Graph represents means + SEM of number of plaques in AD patients or control individuals; p-value (Student’s t-test) is shown 
in the graph. d, e Representative micrographs of triple immunofluorescence staining for Aβ (Abcam ab134022; red), astrocytes (GFAP; green), and IL-6 
(blue) in AD lateral hypothalamus (Female, 77 years old). White arrows indicate a cell with triple staining for GFAP, Aβ and IL-6, and yellow arrows 
show a GFAP-positive cell that does not colocalize with either Aβ or IL-6 immunoreactivities. 

treatment with AG490 (Fig. 4h). In line with a previous 
report57, AG490 alone caused a deficit in NOR memory in 
vehicle-infused mice (Fig. 4h). Control measurements 
showed no innate object preference or differences in 
distance, time spent at the periphery or center of the 
arena, velocity, and total time spent exploring objects 
between experimental groups, indicating no impact of 
treatments on locomotor or exploratory activities of mice 
(Supplementary Figs. 3 and 4). 

Central IL-6 is linked to peripheral metabolic dysfunction 
in AD mouse models 
Next, we aimed to investigate the link between Aβ, 

hypothalamic IL-6 signaling and peripheral metabolic 
dysregulation in mouse models of AD. We found elevated 
IL-6 expression (Fig. 5a) and protein levels (Fig. 5b) in the 
hypothalamus of AβO-infused mice. Moreover, in situ 
hybridization revealed augmented SOCS3 mRNA density 
in the arcuate nucleus of the hypothalamus of mice 
infused with AβOs (Fig. 5c). A trend of increase in IL-6 
(Fig. 5d) and increased SOCS3 protein levels (Fig. 5e) 
were further verified in the hypothalamus of APP/PS1 
mice. 
Finally, inhibition of brain STAT3 signaling by i.c.v. 

treatment with AG490 normalized peripheral glucose 
tolerance in AβO-infused mice (Fig. 5f), and i.c.v. treat-
ment with anti-IL-6 reversed glucose intolerance in APP/ 
PS1 mice (Fig. 5g). Moreover, while the central adminis-
tration of anti-IL-6 did not alter plasma insulin or leptin 
(Supplementary Fig. 5a, b), this approach normalized the 
plasma concentrations of IL-6 in APP/PS1 mice (Fig. 5h). 

Discussion 
Metabolic disorders are major risk factors for demen-

tia58–60, and chronic systemic inflammation related to 
peripheral dysmetabolism may play a role in AD patho-
genesis10. We observed T2-weighted MRI signal hyper-
intensities in the hippocampus and hypothalamus of AD 
patients compared to healthy control individuals, 

suggesting inflammation. It is plausible that the gliosis we 
observed in post-mortem AD hypothalamus may be linked 
to the inflammatory process revealed by imaging, as 
gliosis has been associated with increased T2-weighted 
signals in a number of studies35,38,46,47. Conversely, T2 
hyperintensities can also emerge from other types of 
pathological substrates, such as white matter vascular 
lesions61, and independent investigations aiming to 
determine definitive proof of increased gliosis (i.e., 
positron-emission tomography and magnetic resonance 
spectroscopy) in the hypothalamus of living AD subjects 
are warranted. 
While increased blood glucose is a risk factor for AD, 

our human sample did not present type 2 diabetes as a co-
morbidity, indicating that the alterations observed in the 
hypothalamus are likely a consequence of AD pathogen-
esis. In addition, although previous volumetric analysis 
from imaging studies revealed hypothalamic atrophy in 
AD48–50, which is well known to occur in the cortex and 
hippocampus, the link between inflammation and brain 
structural changes remains to be better determined. Here, 
we provide initial evidence that gliosis may be associated 
with neurodegeneration. Additionally, resting-state func-
tional MRIs (fMRI) demonstrated functional connectivity 
between the hippocampus and the hypothalamus62. 
Therefore, the strong T2 signal ratio correlation we 
observed between both brain regions in this study raises 
the possibility of an interconnected inflammatory process 
occurring in these two brain regions in AD. 
Considering the heterogeneity of the hypothalamus, 

future detailed investigation of substructural pathology 
will be important to elucidate the contribution of specific 
hypothalamic nuclei to behavioral and metabolic altera-
tions associated with AD. In our study, we detected 
amyloid plaques and neurofibrillary tangles (NFTs), key 
markers of AD pathology in the lateral hypothalamus of 
AD post-mortem tissue, which goes in line with early 
studies63–65. Hypocretin-1 loss was shown to occur in this 
same hypothalamic nucleus in AD66, which could be a 
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Fig. 3 IL-6 is upregulated in AD brain and plasma, and correlates inversely with MMSE. Representative photomicrographs of triple 
immunofluorescence staining for Aβ (Abcam ab134022; red), astrocytes (GFAP; green), and IL-6 (blue) in post-mortem cingulate cortex from AD 
subjects (AD1: Female, 82 years old; AD2: Female, 88 years old) (a, b) and an age-matched control (CTL: Female, 80 years old) (c). d Means ± SEM of IL-
6 protein levels measured by ELISA in post-mortem prefrontal cortex from AD (n = 8) or control subjects (n = 5); symbols represent different 
individuals; p-value was calculated from student’s t-test and is shown in the graph. e Representative immunoblot of SOCS3 (β-actin used as loading 
control) in post-mortem prefrontal cortex (PFC) from AD (n = 8) or control (n = 9) subjects. Graph shows means ± SEM of SOCS3/β-actin ratios; 
symbols represent different individuals; p-value (Student’s t-test) is shown in the graph. f Means ± SEM of plasma IL-6 in AD patients (n = 12) or 
control individuals (n = 14) from the same cohort that was studied by MRI in Fig. 1; symbols represent different individuals; p-value was calculated 
from unpaired t-test with Welch’s correction, and is shown in the graph. g Correlation between plasma IL-6 and hippocampus/putamen T2-intensity 
signal ratios for patients in the studied cohort (n = 26). Spearman correlation coefficient (r) and p-value are shown in the graph. h, i Correlations 
between plasma IL-6 and MMSE or FAB scores for patients in the studied cohort. Symbols represent different individuals (n = 26). Pearson correlation 
coefficients (r) and p-values are shown in the graphs. 
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Fig. 4 (See legend on next page.) 
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(see figure on previous page) 
Fig. 4 Brain IL-6 signaling is upregulated and mediates memory impairment in AD mouse models. a Means ± SEM of IL-6 protein levels in the 
hippocampus of 11-month-old APP/PS1 (n = 7) and WT littermates (n = 5); symbols represent individual animals; p-value (Student’s t-test) is shown in 
graph. b Representative immunoblot of pSTAT3, STAT3, and β-actin (used as a loading control) in the hippocampus of 11-month-old APP/PS1 (n = 6) 
and WT mice (n = 8). Graph shows pSTAT3/STAT3 ratio; symbols represent individual animals; p-value (Student’s t-test) is shown in graph. c, d Means 
± SEM of IL-6 (n = 4 Veh; 6 AβOs) and SOCS3 expression (n = 7 Veh; 8 AβOs) (mRNA levels, expressed as fold-change relative to vehicle-infused mice) 
in mouse hippocampus 24 h after i.c.v. infusion of AβOs. β-actin was used as a housekeeping control. Symbols represent individual animals; p-values 
were calculated from student’s t-test and unpaired t-test with Welch’s correction, and are shown in graphs. e Representative immunoblot of pSTAT3, 
STAT3, and β-actin (loading control) in mouse hippocampus 24 h after i.c.v. infusion of AβOs (n = 8) (or vehicle, n = 7). Graph shows pSTAT3/STAT3 
ratio; symbols represent individual animals; p-value (Student’s t-test) is shown in graph. f Representative immunofluorescence staining for pSTAT3 
(red), MAP2 (green), and DAPI (blue) in a primary hippocampal culture exposed to AβOs (or vehicle) for 24 h. Yellow arrowhead indicates 
pSTAT3 staining (red) in the nucleus of a cell that is not positive for MAP2 (green). g Novel Object Recognition (NOR) task with 11-month-old male 
APP/PS1 mice and WT littermates (n = 7–12) after 3 i.c.v. injections of anti-IL-6 (αIL6) or anti-GFP (αGFP), as indicated. Symbols represent individual 
mice, n = 7–12 per experimental condition; *p < 0.05, **p < 0.01, ***p < 0.001, one-sample Student’s t-test. h NOR task with 3-month-old mice i.c.v-
infused with AβOs (or vehicle) and AG490. Bars represent means ± SEM. Symbols represent individual mice, n = 7–10 per experimental condition; 
*p < 0.05, **p < 0.01, one-sample Student’s t-test. Data are representative of at least two independent experiments. 

culprit for sleep disturbances, commonly reported in the 
disease67. Disruptions of the sleep-awake cycle as a con-
sequence of dysregulation of the lateral hypothalamus 
could play a major role in the cognitive decline and on 
behavioral symptoms that occur in AD68. 
IL-6 has been negatively implicated in memory forma-

tion, as blocking IL-6 enhances long-term potentiation 
and improves long-term memory in a hippocampus-
dependent task69. We found astrocytes surrounding both 
parenchymal and vascular amyloid deposits in AD brains 
and IL-6 immunoreactivity in astrocytes that were posi-
tive for Aβ. Further, we show that AD patients have ele-
vated IL-6 in the brain and plasma, and that plasma IL-6 
correlates positively with brain T2 hyperintensities and 
negatively with cognitive performance assessed by the 
MMSE and FAB tests. Wild-type mice exposed to exo-
genous oligomeric Aβ exhibited elevated IL-6, suggesting 
that Aβ is upstream to increased IL-6 production. Central 
administration of Aβ1-42 in mice has been shown to 
induce a systemic IL-6 response characterized by 
increased plasma and brain levels of this cytokine70. Here, 
we demonstrated that central acute blockade of IL-6 
rescued glucose intolerance, plasma IL-6 concentration 
and memory performance in APP/PS1 mice, indicating a 
central role of IL-6 in memory and metabolic dysregula-
tions in AD71,72. Collectively, these results suggest that the 
brain could be involved with the dysregulation of circu-
lating IL-6 that occurs in AD, which could comprise the 
inflammatory reflex mediated by the vagus nerve73. 
The central overexpression of IL-6 leads to an upregu-

lation of TNF-α and microglial cells74, which are media-
tors of cognitive impairment, metabolic dysfunction and 
depressive-like behavior in AD mouse models2,11,75. 
However, the overexpression of IL-6 in the brains of 
TgCRND8 mice was shown to induce microglial activa-
tion and increase hippocampal Aβ clearance76. Therefore, 
the impact of chronic neutralization of IL-6 and its effects 
on neuroinflammation remains to be better determine. 

Follow-up studies aiming to longitudinally monitor IL-6 
expression in association with astrogliosis and micro-
gliosis will also help to elucidate the association between 
IL-6 and memory/metabolic impairments. 
It has been well established by our group and by others 

that the accumulation of AβOs triggers tau hyperpho-
sphorylation, NFTs77 and impaired insulin signaling. 
Impaired hippocampal insulin signaling is linked to 
memory deficits and cognitive decline in AD models and 
in patients78–81. In the hypothalamus, insulin resistance is 
linked to altered peripheral glucose homeostasis2,82. Tau 
loss of function as a consequence of hyperpho-
sphorylation and NFTs formation was recently suggested 
to be involved in brain insulin resistance via insulin 
receptor substrate 1 (IRS-1) and phosphatase and tensin 
homolog (PTEN) alterations83. SOCS3 downregulates 
insulin signaling via ubiquitin-mediated degradation of 
the IRS-184. In animal models of obesity, SOCS3 mediates 
insulin resistance in central and in peripheral tissues85,86. 
Therefore, given that SOCS3 is a downstream mediator of 
IL-6 signaling, studies aiming to determine whether the 
increased levels of this cytokine in AD elicits insulin sig-
naling impairment via SOCS3 are warranted. 
STAT3 is a transcription factor that regulates Aβ pro-

duction and astrocyte proliferation and neurotoxicity87. 
Deletion of STAT3 in astrocytes decreases pro-
inflammatory responses, improves Aβ clearance, and 
preserves memory in APP/PS1 mice88. We observed 
activation of brain STAT3 in AD mouse models, with 
strong nuclear staining in non-neuronal cells. In contrast, 
age-dependent reduction of pSTAT3 has been reported in 
the hippocampi of Tg2576 AD mice and AD subjects57. 
STAT3 promotes synaptic plasticity89 and neurogenesis90, 
processes centrally involved in learning and memory91. 
Thus, while the pharmacological inhibition of STAT3 by 
AG490 prevented memory decline in AβO-infused mice, 
it is noteworthy that AG490 per se caused memory 
impairment in control animals. The memory impairment 
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Fig. 5 (See legend on next page.) 
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(see figure on previous page) 
Fig. 5 Central IL-6 promotes peripheral metabolic dysfunction in AD mouse models. a Expression of IL-6 in the mouse hypothalamus 4 h after i. 
c.v. infusion of AβOs (n = 5) (or vehicle, n = 4). β-actin was used as housekeeping control. Bars represent means ± SEM; symbols correspond to 
individual mice; p-value (Student’s t-test) is shown in graph. b IL-6 in the mouse hypothalamus 4 h after AβOs (n = 5) or vehicle (n = 5) were i.c.v.-
infused. Bars represent means ± SEM; symbols correspond to individual mice; p-value (Student’s t-test) is shown in graph. c Representative in situ 
hybridization images for SOCS3 in the mouse hypothalamus 7 days after AβOs (n = 4) or vehicle (n = 4) were i.c.v.-infused. Graph shows integrated 
densities (means ± SEM) in the regions indicated by dashed ellipses in AβO- or vehicle-infused mice. Symbols correspond to individual mice; p-value 
(Student’s t-test) is shown in the graph. d IL-6 in hypothalamic homogenates from 11-month-old APP/PS1 mice (n = 6) or WT litttermates (n = 8). 
Bars correspond to means ± SEM. Symbols correspond to individual mice; p-value (Student’s t-test) is shown in the graph. e Representative 
immunoblot for SOCS3 in the hypothalamus of 11-month-old male APP/PS1 mice (n = 4) or WT littermates (n = 4). Bars in graph correspond to 
means ± SEM. Symbols correspond to individual mice; p-value (Mann–Whitney test) is shown in graph. f Glucose tolerance test in WT mice 36 h after 
i.c.v. infusion of AβOs (or vehicle) and treatment with AG490. Symbols correspond to individual mice and represent means ± SEM, n = 4–6 per 
experimental group; *p < 0.05 from two-way ANOVA followed by Tukey’s post-hoc test comparing Veh vs. AβOs and AβOs vs. AβOs + AG490). 
g Glucose tolerance test in 11-month-old APP/PS1 mice after 4 i.c.v. injections of anti-IL-6 (αIL6) or anti-GFP (αGFP). Mice received 1 g/kg of glucose (i. 
p.) and blood glucose was measured at the indicated timepoints. Symbols correspond to individual mice and represent means ± SEM, n = 4-6 per 
experimental group; ***p < 0.001, ****p < 0.0001 from two-way ANOVA followed by Tukey’s post-hoc test comparing WT + αGFP vs. APP/PS1 + αGFP 
and APP/PS1 + αGFP vs. APP/PS1 + αIL6). h Plasma IL-6 in 11-month-old APP/PS1 mice after 4 i.c.v. injections of anti-IL-6 (αIL6) or anti-GFP (αGFP). 
Bars represent means ± SEM. Symbols correspond to individual mice, n = 8–12 per experimental condition; p-values were calculated from two-way 
ANOVA followed by Tukey’s post-hoc test and are shown in the graph. Data are representative of at least two independent experiments. 

caused by the pharmacological inhibition of STAT3 may 
be explained by an impairment of the leptin signaling92 

and/or disruption of muscarinic acetylcholine receptor 
function and extracellular signal-regulated kinase (ERK) 
signaling57. Altogether, results indicate that memory 
function requires fine regulation of STAT3 phosphoryla-
tion levels. 
Although the connection between peripheral and brain 

dysregulation in AD is not completely understood, 
alterations in BBB have been found in AD. Vascular Aβ 
deposition may impair the function of the BBB, which 
could increase the brain’s susceptibility to peripheral pro-
inflammatory signals. Indeed, elevated Aβ is associated 
with impaired brain perfusion and BBB function93,94, 
features observed in metabolic disorders7,95,96. AD  
patients have high concentrations of circulating IL-6 and 
increases in brain IL-6 could result from local and/or 
systemic production. 
Central and/or peripheral dysregulation of IL-6 is also 

associated with acute and chronic stress and with major 
depressive disorder97. Since the major depressive disorder 
is an important risk factor for developing AD later in 
life98, IL-6 emerges as an additional shared link between 
both diseases. Even though its contribution to AD 
pathogenesis remains to be fully elucidated, recognition of 
the potential role of brain inflammation in the onset and 
progression of AD has encouraged clinical trials targeting 
inflammation99,100. Our study supports the notion that 
inflammation is implicated in AD and suggests that ele-
vated IL-6 production and signaling could be linked to 
cognitive decline and to peripheral metabolic 
dysfunction in AD. 

Acknowledgements 
This work was supported by grants from National Institute for Translational 
Neuroscience (INNT/Brazil) (to S.T.F. and F.G.F.), Canadian Institutes of Health 
Research (to P.F.), National Institute of Health (NIH) (to J.F.A. and University of 

Kentucky ADC), Department of Defense (to J.F.A.), the Brazilian funding 
agencies Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq) (to S.T.F., F.G.F., P.C., L.C.S., A.L.T.), Fundação de Amparo à Pesquisa do 
Estado do Rio de Janeiro (FAPERJ) (to S.T.F. and F.G.F.). N.M.L.S., R.A.G., R.A.S.L.F., 
J.A.P., J.T.S.F., V.S.M.C. received fellowships from Brazilian agencies FAPERJ, 
CAPES or CNPq. We thank Drs. Luis E. Santos and Helen M. Melo for 
chromatographic characterization of oligomer preparations, Mariângela M. 
Viana and Maíra S. Oliveira for technical support and Ana Claudia Rangel for 
managing support. 

Author details 
1Institute of Medical Biochemistry Leopoldo de Meis, Federal University of Rio 
de Janeiro, Rio de Janeiro, RJ, Brazil. 2Centre for Neuroscience Studies, Queen’s 
University, Kingston, ON, Canada. 3Tanz Centre for Research in 
Neurodegenerative Diseases, University of Toronto, Toronto, ON, Canada. 
4Translational Neuroimaging Laboratory, McGill Centre for Studies in Aging, 
Douglas Mental Health University Institute, Montreal, Quebec, Canada. 
5Behavioral and Cognitive Neurology Research Group, Faculdade de Medicina, 
Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brazil. 6Hospital das 
Clínicas, Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brazil. 
7Centre of Addiction and Mental Health (CAMH), Toronto, ON, Canada. 
8Neuropsychiatry Program, Department of Psychiatry and Behavioral Sciences, 
McGovern Medical School, The University of Texas Health Science Center at 
Houston, Houston, TX, USA. 9Santa Casa BH Ensino e Pesquisa, Belo Horizonte, 
MG, Brazil. 10Institute of Biophysics Carlos Chagas Filho, Federal University of 
Rio de Janeiro, Rio de Janeiro, RJ, Brazil. 11Department of Physiology and 
Biophysics, Institute of Biomedical Sciences, University of São Paulo, São Paulo, 
SP, Brazil. 12Department of Physiology, Federal University of São Paulo, São 
Paulo, SP, Brazil. 13School of Pharmacy, Federal University of Rio de Janeiro, Rio 
de Janeiro, RJ, Brazil. 14Department of Neuroscience, Center for Translational 
Research in Neurodegenerative Disease University of Florida, Gainesville, FL, 
USA. 15Department of Medical Biophysics, University of Toronto, Toronto, ON, 
Canada. 16Department of Psychiatry, Queen’s University, Kingston, ON, Canada. 
17Department of Biomedical and Molecuar Sciences, Queen’s University, 
Kingston, ON, Canada 

Conflict of interest 
The authors declare no competing interests. 

Publisher’s note 
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s41398-021-01349-z. 

https://doi.org/10.1038/s41398-021-01349-z


Lyra e Silva et al. Translational Psychiatry          (2021) 11:251  Page 14 of 15 

Received: 30 January 2021 Revised: 25 February 2021 Accepted: 19 March 
2021 

References 
1. Alzheimer’s, A. Alzheimer’s disease  facts  and  figures. Alzheimer’s Dement. J. 

Alzheimer’s Assoc.  12, 459–509 (2016). 
2. Clarke, J. R. et al. Alzheimer-associated Abeta oligomers impact the central 

nervous system to induce peripheral metabolic deregulation. EMBO Mol. 
Med. 7, 190–210 (2015). 

3. Craft, S. et al. Cerebrospinal fluid and plasma insulin levels in Alzheimer’s 
disease: relationship to severity of dementia and apolipoprotein E genotype. 
Neurology 50, 164–168 (1998). 

4. Gil-Bea, F. J. et al. Insulin levels are decreased in the cerebrospinal fluid of 
women with prodomal Alzheimer’s disease.  J. Alzheimer’s Dis.:  JAD  22, 
405–413 (2010). 

5. Janson, J. et al. Increased risk of type 2 diabetes in Alzheimer disease. Dia-
betes 53, 474–481 (2004). 

6. Heni, M. et al. Evidence for altered transport of insulin across the blood-brain 
barrier in insulin-resistant humans. Acta diabetologica 51, 679–681 (2014). 

7. Takechi, R. et al. Blood-brain barrier dysfunction precedes cognitive decline 
and neurodegeneration in diabetic insulin resistant mouse model: an 
implication for causal link. Front. Aging Neurosci. 9, 399 (2017). 

8. Fakhoury, M. Microglia and astrocytes in Alzheimer’s disease: implications for 
therapy. Curr. Neuropharmacol. 16, 508–518 (2018). 

9.  Heneka,  M. T. et al.  Neuroinflammation in Alzheimer’s disease.  Lancet Neurol. 
14, 388–405 (2015). 

10. Ferreira, S. T., Clarke, J. R., Bomfim, T. R. & De Felice, F. G. Inflammation, 
defective insulin signaling, and neuronal dysfunction in Alzheimer’s disease.  
Alzheimer’s Dement.: J. Alzheimer’s Assoc. 10, S76–S83 (2014). 

11. Lourenco, M. V. et al. TNF-alpha mediates PKR-dependent memory impair-
ment and brain IRS-1 inhibition induced by Alzheimer’s beta-amyloid oli-
gomers in mice and monkeys. Cell Metab. 18, 831–843 (2013). 

12.  Wang,  W.  Y., Tan, M. S.,  Yu,  J. T. &  Tan,  L.  Role  of  pro-inflammatory cytokines 
released from microglia in Alzheimer’s disease.  Ann. Transl. Med. 3, 136 (2015). 

13. Dunn, A. J. Cytokine activation of the HPA axis. Ann. N. Y. Acad. Sci. 917, 
608–617 (2000). 

14.  Elwood,  E.,  Lim, Z.,  Naveed, H. &  Galea,  I.  The  effect  of  systemic  inflammation 
on human brain barrier function. Brain, Behav., Immun. 62, 35–40 (2017). 

15. Bettcher, B. M. & Kramer, J. H. Longitudinal inflammation, cognitive decline, 
and Alzheimer’s disease: a mini-review. Clin. Pharmacol. therapeutics 96, 
464–469 (2014). 

16.  Fraga,  V. G. et al.  Inflammatory and pro-resolving mediators in fronto-
temporal dementia and Alzheimer’s disease.  Neuroscience 421, 123–135 
(2019). 

17.  Miwa,  K., Okazaki, S.,  Sakaguchi,  M., Mochizuki, H. & Kitagawa, K.  Interleukin-6,  
interleukin-6 receptor gene variant, small-vessel disease and incident 
dementia. Eur. J. Neurol. 23, 656–663 (2016). 

18. Windham, B. G. et al. Associations between inflammation and cognitive 
function in African Americans and European Americans. J. Am. Geriatrics Soc. 
62, 2303–2310 (2014). 

19. Huell, M., Strauss, S., Volk, B., Berger, M. & Bauer, J. Interleukin-6 is present in 
early stages of plaque formation and is restricted to the brains of Alzheimer’s 
disease patients. Acta Neuropathol. 89, 544–551 (1995). 

20. Quintanilla, R. A., Orellana, D. I., Gonzalez-Billault, C. & Maccioni, R. B. 
Interleukin-6 induces Alzheimer-type phosphorylation of tau protein by 
deregulating the cdk5/p35 pathway. Exp. Cell Res. 295, 245–257 (2004). 

21. Burton, M. D. & Johnson, R. W. Interleukin-6 trans-signaling in the senescent 
mouse brain is involved in infection-related deficits in contextual fear con-
ditioning. Brain Behav. Immun. 26, 732–738 (2012). 

22. Heyser, C. J., Masliah, E., Samimi, A., Campbell, I. L. & Gold, L. H. Progressive 
decline in avoidance learning paralleled by inflammatory neurodegeneration 
in transgenic mice expressing interleukin 6 in the brain. Proc. Natl Acad. Sci. 
USA 94, 1500–1505 (1997). 

23.  Brosseron,  F., Krauthausen, M.,  Kummer,  M. & Heneka, M.  T. Body  fluid 
cytokine levels in mild cognitive impairment and Alzheimer’s disease: a  
comparative overview. Mol. Neurobiol. 50, 534–544 (2014). 

24. Swardfager, W. et al. A meta-analysis of cytokines in Alzheimer’s disease.  Biol. 
Psychiatry 68, 930–941 (2010). 

25.  McKhann, G. M. et al.  The diagnosis of dementia due to Alzheimer’s disease:  
recommendations from the National Institute on Aging-Alzheimer’s Asso-
ciation workgroups on diagnostic guidelines for Alzheimer’s disease.  Alzhei-
mers Dement 7, 263–269 (2011). 

26. Brucki, S. M., Nitrini, R., Caramelli, P., Bertolucci, P. H. &  Okamoto,  I.  H.  Sug-
gestions for utilization of the mini-mental state examination in Brazil. Arquivos 
de. neuro-psiquiatria 61, 777–781 (2003). 

27. Machado, T. H. et al. Normative data for healthy elderly on the phonemic 
verbal fluency task - FAS. Dement. Neuropsychol. 3, 55–60 (2009). 

28. Nitrini, R. et al. Performance of illiterate and literate nondemented elderly 
subjects in two tests of long-term memory. J. Int. Neuropsychol. Soc. 10, 
634–638 (2004). 

29. Beato, R. G., Nitrini, R., Formigoni, A. P. & Caramelli, P. Brazilian version of the 
Frontal Assessment Battery (FAB): preliminary data on administration to 
healthy elderly. Dement. Neuropsychologia 1, 59–65 (2007). 

30. Pauli, W. M., Nili, A. N. & Tyszka, J. M. A high-resolution probabilistic in vivo 
atlas of human subcortical brain nuclei. Sci. data 5, 180063 (2018). 

31. Klein, A. & Tourville, J. 101 labeled brain images and a consistent human 
cortical labeling protocol. Front. Neurosci. 6, 171 (2012). 

32. Pascoal, T. A. et al. Abeta-induced vulnerability propagates via the brain’s 
default mode network. Nat. Commun. 10, 2353 (2019). 

33. Cascino, G. D. Temporal lobe epilepsy: more than hippocampal pathology. 
Epilepsy Curr. 5, 187–189 (2005). 

34. Deulofeu Fontanillas, F. et al. Massive hemoptysis secondary to mycotic 
aortic aneurysm. de. Med. interna  6, 373–375 (1989). 

35. Pasternak, O., Kubicki, M. & Shenton, M. E. In vivo imaging of neuroin-
flammation in schizophrenia. Schizophrenia Res 173, 200–212 (2016). 

36. Souza, P. V. S., Bortholin, T., Naylor, F. G. M., Pinto, W. & Oliveira, A. S. B. 
Teaching NeuroImages: early-onset dementia and demyelinating neu-
ropathy disclosing cerebrotendinous xanthomatosis. Neurology 89, e134 
(2017). 

37. Virel, A. et al. Magnetic resonance imaging as a tool to image neuroin-
flammation in a rat model of Parkinson’s disease–phagocyte influx to the 
brain is promoted by bilberry-enriched diet. Eur. J. Neurosci. 42, 2761–2771 
(2015). 

38. Thaler, J. P. et al. Obesity is associated with hypothalamic injury in rodents 
and humans. J. Clin. Investig. 122, 153–162 (2012). 

39.  Lambert, M. P. et al.  Diffusible,  nonfibrillar ligands derived from Abeta1-42 are 
potent central nervous system neurotoxins. Proc. Natl Acad. Sci. USA 95, 
6448–6453 (1998). 

40. Figueiredo, C. P. et al. Memantine rescues transient cognitive impairment 
caused by high-molecular-weight abeta oligomers but not the persistent 
impairment induced by low-molecular-weight oligomers. J. Neurosci.: . J. Soc. 
Neurosci. 33, 9626–9634 (2013). 

41. Seixas da Silva, G. S. et al. Amyloid-beta oligomers transiently inhibit AMP-
activated kinase and cause metabolic defects in hippocampal neurons. J. Biol. 
Chem. 292, 7395–7406 (2017). 

42. De Felice, F. G. et al. Protection of synapses against  Alzheimer’s-linked toxins: 
insulin signaling prevents the pathogenic binding of Abeta oligomers. Proc. 
Natl  Acad. Sci. USA  106, 1971–1976 (2009). 

43. Batista, A. F. et al. The diabetes drug liraglutide reverses cognitive impairment 
in mice and attenuates insulin receptor and synaptic pathology in a non-
human primate model of Alzheimer’s disease.  J. Pathol. 245, 85–100 (2018). 

44. Donato, J. Jr., Frazao, R., Fukuda, M., Vianna, C. R. & Elias, C. F. Leptin induces 
phosphorylation of neuronal nitric oxide synthase in defined hypothalamic 
neurons. Endocrinology 151, 5415–5427 (2010). 

45.  Livak,  K. J. &  Schmittgen, T. D. Analysis of relative gene expression  data  using  
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25, 
402–408 (2001). 

46. Berkseth, K. E. et al. Hypothalamic gliosis associated with high-fat diet feeding 
is reversible in mice: a combined immunohistochemical and magnetic 
resonance imaging study. Endocrinology 155, 2858–2867 (2014). 

47.  Briellmann,  R.  S.,  Kalnins, R. M.,  Berkovic,  S. F. &  Jackson,  G.  D.  Hippocampal  
pathology in refractory temporal lobe epilepsy: T2-weighted signal change 
reflects dentate gliosis. Neurology 58, 265–271 (2002). 

48.  Callen,  D.  J.,  Black, S. E.,  Gao,  F., Caldwell, C. B. & Szalai, J. P. Beyond the 
hippocampus: MRI volumetry confirms widespread limbic atrophy in AD. 
Neurology 57, 1669–1674 (2001). 

49. Ishii, M. & Iadecola, C. Metabolic and non-cognitive manifestations of Alz-
heimer’s disease: the hypothalamus as both culprit and target of pathology. 
Cell Metab. 22, 761–776 (2015). 



Lyra e Silva et al. Translational Psychiatry          (2021) 11:251  Page 15 of 15 

50.  Loskutova, N.,  Honea,  R.  A., Brooks,  W.  M.  & Burns, J. M.  Reduced  limbic and  
hypothalamic volumes correlate with bone density in early Alzheimer’s 
disease. J. Alzheimer’s Dis.  20, 313–322 (2010). 

51. Iwahara, N. et al. Role of suppressor of cytokine signaling 3 (SOCS3) in 
altering activated microglia phenotype in APPswe/PS1dE9 mice. J. Alzhei-
mer’s Dis.  55, 1235–1247 (2017). 

52. Gjerum, L. et al. A visual rating scale for cingulate island sign on 18F-FDG-PET 
to differentiate dementia with Lewy bodies and Alzheimer’s disease.  J. 
Neurological Sci. 410, 116645 (2019). 

53. Wong, D. et al. Reduced hippocampal glutamate and posterior cingulate N-
acetyl aspartate in mild cognitive impairment and Alzheimer’s disease is 
associated with episodic memory performance and white matter integrity in 
the cingulum: a pilot study. J. Alzheimer’s Dis.  73, 1385–1405 (2020). 

54. Ferreira, S. T. & Klein, W. L. The Abeta oligomer hypothesis for synapse failure 
and memory loss in Alzheimer’s disease.  Neurobiol. Learn. Mem. 96, 529–543 
(2011). 

55. Hardy, J. & Selkoe, D. J. The amyloid hypothesis of Alzheimer’s disease:  pro-
gress and problems on the road to therapeutics. Science 297, 353–356 (2002). 

56. Sukoff Rizzo, S. J. et al. Evidence for sustained elevation of IL-6 in the CNS as a 
key contributor of depressive-like phenotypes. Transl. Psychiatry 2, e199  
(2012). 

57. Chiba, T. et al. Amyloid-beta causes memory impairment by disturbing the 
JAK2/STAT3 axis in hippocampal neurons. Mol. Psychiatry 14, 206–222 (2009). 

58. Ott, A. et al. Association of diabetes mellitus and dementia: the Rotterdam 
Study. Diabetologia 39, 1392–1397 (1996). 

59. Ott, A. et al. Diabetes mellitus and the risk of dementia: the Rotterdam Study. 
Neurology 53, 1937–1942 (1999). 

60. Whitmer, R. A. et al. Central obesity and increased risk of dementia more than 
three decades later. Neurology 71, 1057–1064 (2008). 

61. Spilt, A. et al. Not all age-related white matter hyperintensities are the same: a 
magnetization transfer imaging study. AJNR Am. J. Neuroradiol. 27, 
1964–1968 (2006). 

62.  Blessing,  E.  M., Beissner,  F., Schumann,  A., Brunner, F. & Bar,  K.  J.  A data-driven  
approach to mapping cortical and subcortical intrinsic functional con-
nectivity along the longitudinal hippocampal axis. Hum. brain Mapp. 37, 
462–476 (2016). 

63. Braak, H. & Braak, E. Neuropathological stageing of Alzheimer-related chan-
ges. Acta Neuropathol. 82, 239–259 (1991). 

64. Ogomori, K. et al. Beta-protein amyloid is widely distributed in the central 
nervous system of patients with Alzheimer’s disease.  Am. J. Pathol. 134, 
243–251 (1989). 

65.  Standaert, D. G.,  Lee,  V.  M., Greenberg,  B. D.,  Lowery, D. E.  &  Trojanowski,  J.  Q.  
Molecular features of hypothalamic plaques in Alzheimer’s disease.  Am. J. 
Pathol. 139, 681–691 (1991). 

66. Fronczek, R. et al. Hypocretin (orexin) loss in Alzheimer’s disease.  Neurobiol. 
aging 33, 1642–1650 (2012). 

67.  Musiek,  E.  S., Xiong, D. D. & Holtzman, D. M.  Sleep, circadian  rhythms,  and the  
pathogenesis of Alzheimer disease. Exp. Mol. Med. 47, e148 (2015). 

68.  Kincheski, G. C. et al.  Chronic  sleep restriction promotes brain inflammation 
and synapse loss, and potentiates memory impairment induced by amyloid-
beta oligomers in mice. Brain, Behav., Immun. 64, 140–151 (2017). 

69. Balschun, D. et al. Interleukin-6: a cytokine to forget. FASEB J.: . Publ. Federation 
Am. Societies Exp. Biol. 18, 1788–1790 (2004). 

70. Song, D. K. et al. Central beta-amyloid peptide-induced peripheral 
interleukin-6 responses in mice. J. Neurochem 76, 1326–1335 (2001). 

71.  Craft, S.,  Zallen, G. & Baker,  L.  D.  Glucose and memory in mild senile dementia 
of the Alzheimer type. J.  Clin. Exp. Neuropsychol.  14, 253–267 (1992). 

72. Wright, C. B. et al. Interleukin-6 is associated with cognitive function: the 
Northern Manhattan Study. J. Stroke Cerebrovasc. Dis.: . J. Natl Stroke Assoc. 15, 
34–38 (2006). 

73.  Pavlov, V. A.  &  Tracey,  K. J. The  vagus  nerve and  the  inflammatory reflex–linking 
immunity and metabolism. Nat. Rev. Endocrinol. 8, 743–754 (2012). 

74. Gyengesi, E. et al. Chronic microglial activation in the GFAP-IL6 mouse 
contributes to age-dependent cerebellar volume loss and impairment in 
motor function. Front. Neurosci. 13, 303 (2019). 

75. Ledo, J. H. et al. Amyloid-beta oligomers link depressive-like behavior and 
cognitive deficits in mice. Mol. psychiatry 18, 1053–1054 (2013). 

76. Chakrabarty, P. et al. Massive gliosis induced by interleukin-6 suppresses 
Abeta deposition in vivo: evidence against inflammation as a driving force 

for amyloid deposition. FASEB. J.: . Publ. Federation Am. Societies Exp. Biol. 24, 
548–559 (2010). 

77. Forny-Germano, L. et al. Alzheimer’s disease-like pathology induced by 
amyloid-beta oligomers in nonhuman primates. J. Neurosci.: . J. Soc. Neurosci. 
34, 13629–13643 (2014). 

78. Bomfim, T. R. et al. An anti-diabetes agent protects the mouse brain from 
defective insulin signaling caused by Alzheimer’s disease-associated Abeta 
oligomers. J. Clin. Investig. 122, 1339–1353 (2012). 

79. Lyra, E. S. N. M. et al. Understanding the link between insulin resistance and 
Alzheimer’s disease: Insights from animal models. Exp. Neurol. 316, 1–11 
(2019). 

80. Mao, Y. F. et al. Intranasal insulin alleviates cognitive deficits and amyloid 
pathology in young adult APPswe/PS1dE9 mice. Aging cell 15, 893–902 
(2016). 

81. Talbot, K. et al. Demonstrated brain insulin resistance in Alzheimer’s disease  
patients is associated with IGF-1 resistance, IRS-1 dysregulation, and cognitive 
decline. J. Clin. Investig. 122, 1316–1338 (2012). 

82. H. H. Ruiz et al. 2016 Increased susceptibility to metabolic dysregulation in a 
mouse model of Alzheimer’s disease is associated with impaired hypotha-
lamic insulin signaling and elevated BCAA levels Alzheimer’s Dement.: J. Alz-
heimer’s Assoc. 12 851–861. 

83. Marciniak, E. et al. Tau deletion promotes brain insulin resistance. J. Exp. Med 
214, 2257–2269 (2017). 

84.  Rui, L.,  Yuan, M.,  Frantz,  D.,  Shoelson, S. & White, M. F. SOCS-1 and SOCS-3 
block insulin signaling by ubiquitin-mediated degradation of IRS1 and IRS2. J. 
Biol. Chem. 277, 42394–42398 (2002). 

85. Jorgensen, S. B. et al. Deletion of skeletal muscle SOCS3 prevents insulin 
resistance in obesity. Diabetes 62, 56–64 (2013). 

86. Pedroso, J. A. et al. Inactivation of SOCS3 in leptin receptor-expressing cells 
protects mice from diet-induced insulin resistance but does not prevent 
obesity. Mol. Metab. 3, 608–618 (2014). 

87. Hashioka, S., Klegeris, A., Qing, H. & McGeer, P. L. STAT3 inhibitors attenuate 
interferon-gamma-induced neurotoxicity and inflammatory molecule pro-
duction by human astrocytes. Neurobiol. Dis. 41, 299–307 (2011). 

88. Reichenbach, N. et al. Inhibition of Stat3-mediated astrogliosis ameliorates 
pathology in an Alzheimer’s disease model. EMBO Mol. Med. 11, e9665 
(2019). 

89. Nicolas, C. S. et al. The Jak/STAT pathway is involved in synaptic plasticity. 
Neuron 73, 374–390 (2012). 

90. Chen, E. et al. A novel role of the STAT3 pathway in brain inflammation-
induced human neural progenitor cell differentiation. Curr. Mol. Med  13, 
1474–1484 (2013). 

91. Saxe, M. D. et al. Ablation of hippocampal neurogenesis impairs contextual 
fear conditioning and synaptic plasticity in the dentate gyrus. Proc. Natl Acad. 
Sci. USA 103, 17501–17506 (2006). 

92.  Greco, S. J. et  al.  Leptin  reduces  pathology  and improves  memory  in  a  
transgenic mouse model of Alzheimer’s disease.  J. Alzheimer’s Dis.  19, 
1155–1167 (2010). 

93. Bell, R. D. & Zlokovic, B. V. Neurovascular mechanisms and blood-brain barrier 
disorder in Alzheimer’s disease.  Acta Neuropathologica 118, 103–113 (2009). 

94. Thal, D. R., Griffin, W. S., de Vos, R. A. & Ghebremedhin, E. Cerebral amyloid 
angiopathy and its relationship to Alzheimer’s disease.  Acta Neuropathologica 
115, 599–609 (2008). 

95. Starr, J. M. et al. Increased blood-brain barrier permeability in type II diabetes 
demonstrated by gadolinium magnetic resonance imaging. J. Neurol. Neu-
rosurg. Psychiatry 74, 70–76 (2003). 

96.  Stevens, M. J.,  Feldman,  E.  L.  & Greene, D. A. The aetiology of diabetic 
neuropathy: the combined roles of metabolic and vascular defects. Diabet. 
Med.:  J. Br.  Diabet. Assoc.  12, 566–579 (1995). 

97. Ting, E. Y., Yang, A. C. & Tsai, S. J. Role of Interleukin-6 in depressive disorder. 
Int. J. Mol. Sci. 21, 2194 (2020). 

98. Ownby, R. L., Crocco, E., Acevedo, A., John, V. & Loewenstein, D. Depression 
and risk for Alzheimer disease: systematic review, meta-analysis, and metar-
egression analysis. Arch. Gen. Psychiatry 63, 530–538 (2006). 

99. Butchart, J. et al. Etanercept in Alzheimer disease: a randomized, placebo-
controlled, double-blind, phase 2 trial. Neurology 84, 2161–2168 (2015). 

100. Miguel-Alvarez, M. et al. Non-steroidal anti-inflammatory drugs as a treat-
ment for Alzheimer’s disease: a systematic review and meta-analysis of 
treatment effect. Drugs Aging 32, 139–147 (2015). 

http:Greco,S.J.et

	Pro cs
	s41398-021-01349-z
	Pro-inflammatory interleukin-6�signaling links cognitive impairments and peripheral metabolic alterations in Alzheimer&#x02019;s disease
	Introduction
	Methods
	Subjects
	Human brain samples
	Magnetic resonance imaging
	Immunofluorescence
	Animals
	Enzyme-linked immunosorbent assays (ELISAs)
	Cytometric beads array
	Intracerebroventricular infusion of A&#x003B2;Os
	Intracerebroventricular treatments with anti-IL-6 or AG490
	Primary hippocampal cultures and immunocytochemistry
	Western blots
	In situ hybridization
	RNA extraction and quantitative PCR (qPCR)
	Novel object recognition (NOR) task
	Glucose tolerance test (GTT)
	Statistics

	Results
	T2-weighted signal hyperintensities in the AD hypothalamus and hippocampus correlate inversely with MMSE scores and gray matter densities
	Intraneuronal hyperphosphorylated tau aggregates, A&#x003B2; deposits and inflammatory markers in post-mortem AD hypothalamus
	IL-6 is upregulated in AD brain and plasma, and correlates positively with brain inflammation and inversely with MMSE scores
	Brain IL-6 signaling is upregulated and mediates memory impairment in AD mouse models
	Central IL-6 is linked to peripheral metabolic dysfunction in AD mouse models

	Discussion
	Acknowledgements





