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Abstract.18

Background: Metagenomic data support an association between certain bacterial strains and Alzheimer’s disease (AD), but
their functional dynamics remain elusive.

19
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Objective: To investigate the association between amyloid pathology, bacterial products such as lipopolysaccharide (LPS) and
short chain fatty acids (SCFAs: acetate, valerate, butyrate), inflammatory mediators, and markers of endothelial dysfunction
in AD.
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Methods: Eighty-nine older persons with cognitive performance from normal to dementia underwent florbetapir amyloid
PET and blood collection. Brain amyloidosis was measured with standardized uptake value ratio versus cerebellum. Blood
levels of LPS was measured by ELISA, SCFAs by mass spectrometry, cytokines by using real-time PCR, and biomarkers of
endothelial dysfunction by flow cytometry. We investigated the association between the variables listed above with Spearman’s
rank test.
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Results: Amyloid SUVR uptake was positively associated with blood LPS (rho ≥ 0.32, p ≤ 0.006), acetate and valerate
(rho ≥ 0.45, p < 0.001), pro-inflammatory cytokines (rho ≥ 0.25, p ≤ 0.012), and biomarkers of endothelial dysfunc-
tion (rho ≥ 0.25, p ≤ 0.042). In contrast, it was negatively correlated with butyrate (rho ≤ –0.42, p ≤ 0.020) and the
anti-inflammatory cytokine IL10 (rho ≤ –0.26, p ≤ 0.009). Endothelial dysfunction was positively associated with pro-
inflammatory cytokines, acetate and valerate (rho ≥ 0.25, p ≤ 0.045) and negatively with butyrate and IL10 levels (rho ≤ –0.25,
p ≤ 0.038).
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Conclusion: We report a novel association between gut microbiota-related products and systemic inflammation with brain
amyloidosis via endothelial dysfunction, suggesting that SCFAs and LPS represent candidate pathophysiologic links between
the gut microbiota and AD pathology.
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INTRODUCTION35

Alzheimer’s disease (AD) pathology is the most36

common cause of neurodegenerative dementia, fea-37

turing extra neuronal accumulation of amyloid-�38

(A�), and intraneuronal deposition of hyperphos-39

phorylated tau. However, despite great progress in40

understanding the dynamics of the molecular pathol-41

ogy, treatments targeted at AD pathology and its42

modifiers have not yet resulted in a disease modifying43

therapy.44

There is clear evidence that AD is characterized45

by the presence of a pro-inflammatory status both46

in the periphery, in term of higher blood levels of47

pro-inflammatory cytokines, and in the brain, in term48

of activated microglia, the resident innate immune49

cells of the central nervous system (CNS). Moreover,50

A� has recently been recognized as an antimicro-51

bial peptide, as part of the innate immune system [1]52

and, while monomeric A� shows little antimicrobial53

activity, its capability of aggregation allows to form54

antimicrobial pore-forming structures [2].55

Based on this, researchers have recently pro-56

posed a potential role for the gut microbiome in the57

initiation and exacerbation of AD pathology and sev-58

eral preclinical and clinical studies indeed support59

this hypothesis. For example, in 2016, for the first60

time, Minter and colleagues reported that antibiotic-61

induced perturbations in the gut microbiota (GMB)62

diversity influence neuroinflammation and amyloi-63

dosis in a murine model of AD [3]. Subsequently64

other studies by using the sequencing of bacterial65

16S ribosomal RNA from fecal samples of APP66

transgenic mice revealed significant differences in67

the GMB composition compared to that of control68

wild type mice [4, 5]. Interestingly, in the paper of69

Harach and collaborators, the authors found also that70

cerebral A� was significantly reduced in germ-free71

APP transgenic mice and that their recolonization72

with microbiome coming from conventionally raised73

APP transgenic mice increased cerebral A� pathol-74

ogy, and this increase was less effective when wild75

type mice microbiota was used. Preclinical data have76

been also supported by clinical data, where the pres- 77

ence of alterations in the composition of the gut 78

microbiome have reported in AD patients as com- 79

pared to control individuals [6, 7]. Our research group 80

in 2016 demonstrated an increased abundance of 81

proinflammatory Escherichia/Shigella and decreased 82

abundance of anti-inflammatory Eubacterium rectale 83

in patients with cognitive impairment and brain amy- 84

loidosis and also an association of their abundances 85

with peripheral inflammation [8]. A subsequent study 86

that used a 16S sequencing approach revealed that 87

the GMB profile in AD patients is characterized by 88

a reduced microbial diversity, decreased abundance 89

of Firmicutes and Bifidobacterium and an increased 90

abundance of Bacteroidetes; interestingly, the rela- 91

tive bacterial abundance correlated with the increase 92

of cerebrospinal fluid markers of AD pathology [7]. 93

There are several pathways through which the gut 94

bacteria may influence brain functioning and promote 95

neurodegeneration in the context of AD pathology. 96

One of these biological processes is represented 97

by inflammation: microbes are known to influence 98

the development and regulation [9] of the immune 99

system and, therefore, may alter the interaction 100

between the immune and the nervous systems. The 101

gram-negative membrane protein lipopolysaccharide 102

(LPS), which has pro-inflammatory properties, was 103

found in amyloid plaques and around vessels in 104

AD brain [10]. Moreover, LPS levels have been 105

found significantly higher in plasma samples of AD 106

patients as compared to controls [11], and a posi- 107

tive association was found between LPS levels and 108

degree of blood monocyte/macrophage activation. 109

Importantly, a pro-inflammatory status has been iden- 110

tified as among the most important determinants 111

of endothelium dysfunction [12]. Indeed, changes 112

in the gut microbiome composition could lead to 113

alterations in the functionality of endothelial cells, 114

which are key cellular players of inflammatory reac- 115

tions and strictly interact with the soluble factors 116

involved in the regulation of each of the different 117

steps of the inflammatory reaction; such endothe- 118

lial dysfunction could then promote or enhance the 119
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spread of the inflammatory status from the gut to120

the blood and to the brain. The GMB is also known121

to produce several metabolites through fermentation122

on non-digestible carbohydrates with neuroprotec-123

tive properties [13] that directly or indirectly affect124

brain functions. Among these, short-chain fatty acids125

(SCFAs), including acetate, propionate, and butyrate,126

are known to beneficially modulate the peripheral and127

central nervous systems and have been already sug-128

gested to play a central role in AD [14]. In particular, it129

has been hypothesized that SCFAs may attenuate AD130

by serving as substrates for energy metabolism [15]131

and providing an alternative energy source to coun-132

teract the brain hypo-metabolism that contributes to133

neuronal dysfunction in AD [16]. Recent evidence134

also suggests that SCFAs may help to modulate mat-135

uration and function of microglia in the brain [17].136

More recently, it was also shown that butyric acid137

may provide therapeutic benefits for AD through138

epigenetic mechanisms of action by inhibiting his-139

tone deacetylase and normalizing aberrant histone140

acetylation [18]. This evidence suggests that the pro-141

duction of SCFAs in the gut may represent another142

biological mechanism through which the gut micro-143

biome may influence AD.144

In this study we aimed at evaluating whether145

inflammatory mediators and bacterial products are146

potential pathogenic links between the GMB and147

amyloid pathology in AD via endothelial dysfunc-148

tion. To this purpose, we tested the associations149

of brain amyloidosis with blood levels of LPS,150

SCFAs, cytokines, and several markers associated151

with endothelial dysfunction in a cohort of elderly152

subjects with cognitive performance ranging from153

normal to dementia.154

MATERIALS AND METHODS155

Study participants156

Participants were Italian community-dwelling per-157

sons of 50 to 85 years of age recruited from a large158

Italian study on amyloid imaging in patients with cog-159

nitive complaints, the Incremental Diagnostic Value160

of [18F]-Florbetapir Amyloid Imaging [INDIA-FBP]161

study [19]. Inclusion criteria were cognitive abnor-162

mality, age between 50 and 85 years, and availability163

of an informant (spouse, adult child, or another164

knowledgeable informant). Cognitively impairment165

was defined as follows: 1) presence of cognitive166

complaints reported by patients or proxy or by the167

doctor; 2) presence of no intracranial metabolic or168

psychiatric causes of cognitive impairments; 3) pres- 169

ence of abnormal scores in ≥2 cognitive tests; and 170

4) history of progression of cognitive symptoms. The 171

clinical evaluation included the collection of medical 172

cognitive, functional, and drug history, and physical 173

and neurological examination. The cognitive assess- 174

ment of each participant included the Mini-Mental 175

State Examination (MMSE) and the Alzheimer’s 176

Disease Assessment Scale, cognitive portion (ADAS- 177

Cog). In the context of this parent study, 150 178

patients and controls who were not under antibi- 179

otic and anti-inflammatory treatment over the past 180

3 months or had been diagnosed with major depres- 181

sion or other psychiatric disorders were proposed to 182

contribute samples of stools and blood. Accepting 183

patients signed an ad-hoc informed consent. Venous 184

blood was sampled from an antecubital vein between 185

08:00–10:00 h am and collected in EDTA tubes (BD 186

Vacutainer Systems, Franklin Lakes, NJ). 187

[18F]-Florbetapir amyloid PET 188

As previously reported [8], amyloid PET was per- 189

formed at the Nuclear Medicine Service of Spedali 190

Civili and Fondazione Poliambulanza in Brescia 191

with GE Discovery 690 and Siemens Biograph 40 m 192

PET–computed tomography scanners, respectively. 193

PET was a 10-min (two 5-min frames) 3-dimensional 194

acquisition, 50 min after the injection of an intra- 195

venous bolus of 370 MBq (10 mCi) of 18F-Florbetapir 196

[20]. Attenuation correction was calculated based on 197

the co-acquired computed tomography. PET images 198

were reconstructed onto a 128 × 128 matrix with slice 199

thickness of 3–3.3 mm, using a 2- to 3-mm Gaussian 200

post-reconstruction filter. Standardized uptake value 201

ratios (SUVRs) were calculated in the frontal, pari- 202

etal, temporal, anterior cingulate, posterior cingulate, 203

and precuneus regions of interest as well as global 204

measure. 205

Inflammatory mediators 206

Isolation of total RNA was performed using the 207

PAXgene blood miRNA kit according to the man- 208

ufacturer’s protocol (PreAnalytiX, Hombrechtikon, 209

CHE). RNA quantity and quality were assessed by 210

evaluation of the A260/280 and A260/230 ratios 211

using a Nanodrop spectrophotometer (NanoDrop 212

Technologies, Delaware, USA) and by using the 213

Agilent BioAnalyzer (Agilent Technologies) and 214

samples were stored at –80◦C until processing. 215

Gene expression analyses on candidate genes was 216
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performed in RNA samples from blood circulating217

cells (obtained by using PaxGene tubes) using semi-218

quantitative real-time PCR and included a panel of219

inflammatory mediators known to be involved in220

AD. In particular, the gene expression measurement221

was performed for the pro-inflammatory mediators222

IL1�, NLRP3, IL6, CXCL2, CXCL10, TNF�, and223

IL18 as well as for the anti-inflammatory mediators224

IL10 and IL4. Each sample was assayed in dupli-225

cate, and each target gene was normalized to the226

expression of three reference genes, glyceraldehyde227

3-phosphate dehydrogenase, beta-actin, and beta-2-228

microglobulin, using Taqman Assays on a 384 wells229

Real Time PCR System (Biorad). The expression230

levels of each target gene were normalized to the geo-231

metric mean of all three reference genes, and the Pfaffl232

method was used to determine relative target gene233

expression of each gene in patients as compared with234

controls. The primer sequence for each of the genes235

is available on request to the authors.236

GMB-related products237

LPS was measured in plasma by ELISA (Pierce238

LAL Chromogenic Endotoxin Quantitation Kit,239

Thermo Fisher Scientifics) and SCFAs levels (i.e.,240

acetate, propionate, valerate, and butyrate) using241

gas chromatography (GC) according to the fol-242

lowing procedure. Briefly, after thawing at room243

temperature (RT), 400 microliters of plasma were244

deproteinized by the addition of 50 microliters of245

16% (W/V) metaphosforic acid and mixed by vor-246

texing for 30 s. After, an incubation at 60◦C for247

30 min was performed to completely precipitate the248

protein fraction. Successively, all samples were cen-249

trifuged at 8000 rpm for 30 min, the supernatant was250

collected and filtered at 0.2 micron. The SCFA deter-251

mination was performed using the GC DANI 1000252

(Dani instruments S.p.A. Monza Italy) equipped253

with split-splitless injector and HP-FFAP megabore254

water compatible capillary column (length 30 mt255

with 0.53 mm internal diameter; Agilent Technolo-256

gies INC, CA, USA). Iso-valerianic acid was used as257

internal standard. The GC conditions were Injector258

200◦C and F.I.D. (detector) 260◦C. Column tem-259

perature setting was: initial temperature 85◦C, hold260

time 0.5 min, PRGM1 column heating rate 7◦C/min,261

PRGM1 final column temperature 135◦C, hold time262

0.1 min, PRGM2 column heating rate 25◦C/min,263

PRGM2 final column temperature 160◦C, hold time264

4.0 min. For the concentration of each acid, three stan-265

dard solutions have been prepared: 1) low 80 ppm; 2)266

medium 120 ppm; 3) high 200 ppm) with 100 ppm of 267

I.S. for each one. Response Factor calculation was 268

determined as follow: 269

RF = I.S. peak area × [V.F.A.] / V.F.A. × [IS] 270

The concentration of each VFA was determined by 271

applying the following formula: 272

[VFA] = 100 × VFA peak area × VFA RF/ I.S. 273

peak area 274

The results were expressed in micromoles/liter. 275

Endothelial dysfunction markers 276

The LEGENDplex™ Human Adhesion Molecule 277

Panel multiplex assay (Cat.#740945, BioLegend) 278

was used to measure the plasma level of the follow- 279

ing cell adhesion molecules (CAMs): intracellular 280

CAM 1, 2 and 3 (ICAM-1, ICAM-2, and ICAM- 281

3, respectively), vascular CAM (VCAM-1), platelet 282

endothelial CAM 1 (PECAM-1), activated leukocyte 283

CAM 1 (ALCAM-1), epithelial CAM (EpCAM), 284

neural CAM (NCAM), endothelial selectin (E- 285

selectin), platelet selectin (P-selectin), leukocyte 286

selectin (L-selectin), platelet endothelial CAM 1 287

(PSGL-1), and CD44. Briefly, the surface of each flu- 288

orescent bead set is conjugated with specific capture 289

antibodies so that they can be considered as capture 290

beads. The fluorescent capture beads are incubated 291

in 1:50 diluted human plasma samples containing 292

the target molecules for 2 hr at room temperature in 293

a V-bottom 96 well plate in continuous shaking in 294

the dark. Successively, after 2 wash steps, a biotiny- 295

lated detection antibody mix (25 mL) is added to each 296

well and incubated for 1 h at RT in continuous shak- 297

ing. In this way, each detection antibody will bind 298

to its specific analyte bound on the capture beads 299

(capture bead-analyte-detection antibody sandwich). 300

Then, a 25 mL volume of streptavidin-phycoerythrin 301

(SA-PE) solution is subsequently added and incu- 302

bated for 30 min at RT. The binding to the biotinylated 303

detection antibodies will provide a fluorescent sig- 304

nal (FL2 channel) intensities in proportion to the 305

amount of bound analytes. After a final wash step, 306

the 96-well reading was performed using a Beckman- 307

Coulter Cytoflex flow cytometer equipped with a 308

plate reader. For each well, a minimum of 6,000 309

events was recorded. Since the beads are differenti- 310

ated by size and internal fluorescence (FL4 channel), 311

analyte-specific populations can be segregated using 312

forward and side scatters properties followed by FL4 313

channel fluorescence analysis (each bead set has a 314
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different FL4 intensity). The PE fluorescent signal315

quantified will be proportional to the concentration316

of tested adhesion molecules according to the stan-317

dard curve generated in the same assay. The flow318

cytometry data were uploaded in FCS-3.0 file format319

on the LEGENDplex™ Cloud-based Data Analy-320

sis Software (Dec 05, 2019, BioLegend) for analyte321

quantification. Each sample included was tested in322

duplicate.323

Statistical analysis324

Statistical analyses were performed using Graph-325

Pad Prism (v 8.1.1) (GraphPad Software, San Diego,326

CA, USA). Unadjusted associations of the variables327

listed above were assessed with Spearman’s rank cor-328

relation, the nonparametric version of the Pearson329

correlation which reduces the influence of extreme330

values. The effect of age and global cognition on the331

correlation coefficients and p-values was calculated332

using the Partial and Semi-Partial (Part) Correlation333

(“ppcor”) R package (v 1.1) [21]. Significance was334

set at p < 0.05 (two-tailed).335

RESULTS336

Demographic and clinical characteristics were as337

expected for this population with the exception for the338

low prevalence of hypertension (Table 1). Consider-339

ing the broad range of age and cognitive performance340

of the cohort included in the present study, we first341

explored the association between age and global cog-342

nition with brain amyloidosis, blood levels of LPS,343

SCFAs, cytokines, and adhesion molecules (Sup-344

plementary Figure 1). Age was associated with the345

pro-inflammatory cytokines IL6 and TNF� and the346

adhesion molecules VCAM-1, CD44, and ICAM-347

3 (0.22 ≤ rho ≤ 0.40, p < 0.046). Global cognition,348

measured using MMSE and ADAS-cog, wan mainly349

associated with valerate, IL1�, CXCL2, and IL10,350

several adhesion molecules as well as with all the351

markers of brain amyloidosis (0.25 ≤ rho ≤ 0.42,352

p < 0.040).353

Brain amyloid load is associated with circulating354

GMB-related products355

In order to improve our understanding on the rela-356

tionship between brain amyloid deposition and GMB,357

we measured the plasma levels of the Gram-negative358

membrane protein LPS and four SCFAs produced by359

the intestinal bacteria, namely acetate, propionate,360

Table 1
Demographic and clinical features of the 89 study participants

Socio-demographics Mean (SD) Min-Max
or N (%)

Age (y) 69.6 (6.9) 54.1–86.0
Female 48 (54%) n.a.
Education (y) 8.7 (4.1) 4.0–18.0

Body mass indexa 25.3 (3.8) 17.0–37.1
Weight loss/gain 22 (25%) n.a.
Florbetapir (standardized uptake

value ratio)
1.11 (.22) 0.69–1.72

Cognitive performance
Mini-Mental State Examination 22.8 (5.4) 2.00–30.0
ADAScog 16.2 (10.21) 4.0–55.6

Cognitive stage
Unimpaired/ MCI/ dementia 16/39/34 n.a.

(18/44/38%)
Risk factors

Hypertension 46 (52%) n.a.
Diabetes 13 (15%) n.a.
Vascular diseases 17 (19%) n.a.
Hypercholesterolemia 39 (44%) n.a.
History of stroke 7 (8%) n.a.

Drugs
Acetylcholinesterase inhibitors 6 (7%) n.a.
Memantine 0 n.a.
Antidepressants/ hypnotics/

anxiolytics
34 (38%) n.a.

Antipsychotics 5 (6%) n.a.
Food supplements 11 (12%) n.a.
Drug abuse 0 n.a.
Alcohol abuseb 3 (3%) n.a.
Sleep patternsc 4.16 (4.80) n.a.
aweight/height2 and measured in kg/cm2. ADAScog, Alzheimer’s
Disease Assessment Scale–Cognitive Subscale. bAlcohol abuse
referred to the past, not currently in progress. cThe following five
night sleep symptoms were evaluated: difficulty falling asleep,
waking up frequently in the night, early morning awakenings, not
feeling rested in the morning, difficulty staying awake and need to
take a nap during the day. For each symptom, respondents were
asked to estimate frequency of the symptom during the past month
on a five-point scale: 0 = never; 1 = 1–3 days; 2 = 4–7 days; 3 = 8–14
days; 4 = 15–21 days; 5 = 22–31 days [88].

valerate, and butyrate. Association of circulating 361

GMB-related products with global and regional cor- 362

tical amyloid load was evaluated using Spearman’s 363

rank test. Elevated levels of LPS were found associ- 364

ated with greater amyloid pathology in all the regions 365

considered (Fig. 1). In particular, LPS resulted 366

stronger associated with amyloid load in frontal, 367

posterior, anterior cingulate cortex, and precuneus 368

(0.44 ≤ rho ≤ 0.49, p < 0.001) than in temporal and 369

parietal cortex (rho = 0.35 and 0.032, p = 0.006 and 370

0.011, respectively). Among the SCFAs, a positive 371

relationship between acetate and valerate as well as 372

a negative association of butyrate with brain amy- 373

loid deposition was observed (Fig. 1). High levels of 374

acetate and butyrate were stronger associated with 375
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Fig. 1. Association matrix of circulating GMB-related products (LPS and SCFAs) with cortical amyloid load (SUVR). Spearman’s rank
correlation analyses included PET and SCFAs data for 67 subjects, PET and LPS data for 61 subjects. Two-tailed significant correlations
are shown in purple. SUVR, standardized uptake value ratio of florbetapir.

frontal, temporal, posterior, anterior cingulate cor-376

tex, and precuneus (0.58 ≤ rho ≤ 0.66, p < 0.001 for377

acetate; –0.57 ≤ rho ≤ –0.51, p < 0.001 for butyrate)378

than parietal cortex (rho = 0.45, p < 0.001 for acetate 379

and rho = –0.42, p < 0.001 for butyrate) while valer- 380

ate did not show any region-specific association 381
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(0.45 ≤ rho ≤ 0.53, p < 0.001). In contrast, propi-382

onate was not associated with PET biomarkers383

(0.07 ≤ rho ≤ 0.18, p ≥ 0.182). Similar findings were384

obtained after controlling the Spearman’s Rank Cor-385

relations for age or global cognition measured using386

MMSE (Supplementary Figure 2).387

Brain amyloid load is associated with circulating388

inflammatory mediators389

Next, we evaluated the RNA gene expression390

from blood circulating cells of several circulat-391

ing pro- and anti-inflammatory cytokines and we392

investigated their relationship with brain amyloid393

pathology. Elevated expression of 4 out of 7 pro-394

inflammatory cytokines, namely IL1�, NLRP3, IL6,395

and CXCL2 were associated with higher amyloid396

load at both global and regional level (Fig. 2).397

The stronger association between cortical amyloid398

deposition and inflammation was found in the pos-399

terior cingulate cortex (0.38 ≤ rho ≤ 0.43, p < 0.001)400

and the weaker association in the parietal cor-401

tex (0.25 ≤ rho ≤ 0.35, 0.001 ≤ p ≤ 0.023). Among402

the anti-inflammatory cytokines, high expression of403

IL10 but not IL4, was found consistently asso-404

ciated with low amyloid deposition in all the405

regions considered (–0.31 ≤ rho ≤ –0.26, p ≤ 0.018).406

Removing the outliers did not affect the correla-407

tion analysis between amyloid and IL1�, CXCL2,408

and IL10. Similar findings were obtained adjusting409

the Spearman’s Rank Correlations for age or global410

cognition measured using MMSE (Supplementary411

Figure 3).412

Circulating GMB products are weakly associated413

with peripheral inflammation414

As both LPS and SCFAs are known to modulate415

inflammatory response, we tested the associa-416

tion between peripheral GMB-related products and417

inflammatory mediators. High levels of LPS, acetate418

and valerate were correlated with greater gene419

expression levels of at least one of the pro-420

inflammatory cytokines IL1�, NLRP3, CXCL2, and421

IL18 (0.23 ≤ rho ≤ 0.35, p ≤ 0.095, Fig. 3). More-422

over, high levels of acetate were weakly associated423

with lower expression of the anti-inflammatory424

cytokine IL10 (rho = –0.24, p = 0.060). Conversely,425

elevated butyrate levels were associated with lower426

levels of the pro-inflammatory NLRP3 and IL6427

(rho = –0.24, p = 0.060 and rho = –0.31, p = 0.016,428

respectively) and of the anti-inflammatory IL4429

(rho = –0.24, p = 0.068) as well as with higher lev- 430

els of TNF� (rho = 0.24, p = 0.066). Propionate did 431

not show any association with inflammatory biomark- 432

ers (0.02 ≤ rho ≤ 0.21, p ≥ 0.104). Similar findings 433

were obtained adjusting the Spearman’s Rank Cor- 434

relations for age but not for global cognition where 435

p-values higher than 0.1 were reported for LPS and 436

IL1�, valerate and IL18, and acetate and IL10 (Sup- 437

plementary Figure 4). 438

Endothelial dysfunction is associated with 439

circulating GMB products, inflammatory 440

mediators, and brain amyloid load 441

To verify our hypothesis that GMB products and 442

systemic inflammation compromise blood-tissue bar- 443

rier integrity leading to vascular damage and AD 444

pathogenesis, we measured the plasma levels of 445

a panel of adhesion molecules. The upregulated 446

expression of such molecules is one of the pheno- 447

typic features of endothelial dysfunction. Among the 448

GMB products, the SCFAs acetate and valerate were 449

found consistently associated with endothelial dam- 450

age (Fig. 4). Indeed, elevated levels of acetate and 451

valerate were moderate or strongly associated with 452

high levels of almost all the endothelial markers 453

considered (0.25 ≤ rho ≤ 0.46, p ≤ 0.045). In con- 454

trast, butyrate seemed involved in the maintenance 455

of the endothelial integrity, as suggested by its 456

negative associations with NCAM, P-Selectin, and 457

PSGL-1 (–0.35 ≤ rho ≤ –0.25, p ≤ 0.038). LPS was 458

weakly associated only with P-Selectin (rho = 0.23, 459

p = 0.099). 460

Overall, elevated levels of adhesion molecules 461

were associated with high expression of proin- 462

flammatory cytokines (0.26 ≤ rho ≤ 0.42, p ≤ 0.040) 463

and low expression of the anti-inflammatory IL10 464

(–0.29 ≤ rho ≤ –0.26, p ≤ 0.027). IL4, usually con- 465

sidered an anti-inflammatory cytokine, showed a 466

correlation profile similar to that identified for 467

the pro-inflammatory cytokines as it was pos- 468

itively associated with 6 out of 13 adhesion 469

molecules (0.27 ≤ rho ≤ 0.40, p ≤ 0.036). Finally, 470

elevated levels of CD44, NCAM, ICAM-2, P- 471

Selectin, E-Selectin, PECAM-1, PSGL-1, ICAM-1, 472

and ICAM-3 were associated with amyloid depo- 473

sition in almost all the cortical regions considered 474

(0.25 ≤ rho ≤ 0.52, p ≤ 0.042). Similar findings were 475

obtained adjusting the Spearman’s Rank Correlations 476

for age or global cognition measured using MMSE 477

(Supplementary Figure 4).
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Fig. 2. Association matrix of circulating cytokines with cortical amyloid load. Spearman’s rank correlation analyses included PET and inflam-
matory cytokine data for 83 subjects. Two-tailed significant correlations are reported in purple. CXCL2, Chemokine (C-X-C motif) ligand 2;
IL, interleukin; NLRP3, NOD-, LRR- and pyrin domain-containing 3; SUVR, standardized uptake value ratio; TNF, tumor necrosis factor.

DISCUSSION478

This is a cross-sectional study investigating the479

association among a number of circulating markers480

of GMB metabolism, systemic inflammation, and 481

endothelial dysfunction, that might mediate the effect 482

of the GMB on brain amyloidosis and thus be 483

involved in the pathophysiology of AD (Fig. 5). The 484
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Fig. 3. Association matrix of circulating GMB-related products
and cytokines. Columns represent GMB-related products; rows
represent inflammatory mediators. Spearman’s rank correlation
analyses included data for 61 subjects. Figure denotes Spearman’s
rank correlation coefficient values. These are also represented on
a yellow to purple color scale to facilitate the appreciation of asso-
ciation patterns. Significance is denoted by dotted and solid cell
borders. CXCL2, Chemokine (C-X-C motif) ligand 2; IL, inter-
leukin; LPS, lipopolysaccharide; NLRP3, NOD-, LRR- and pyrin
domain-containing 3.

associations that we found confirm current knowl-485

edge on GMB metabolism and support the novel486

hypothesis of an effect of GMB-related products487

and systemic inflammation on brain amyloidosis,488

via endothelial dysfunction. Of course, the cross-489

sectional nature of our study prevents us to draw490

causal inferences. However, the strength of the491

associations (i.e., the size of the rho correlation492

coefficient) is coherent with the pathophysiological493

hypothesis.494

Endothelial dysfunction in AD495

The blood-tissue barrier is mediated by endothelial496

cell-cell adhesions as tight and adherents junc-497

tions as well as other CAMs, including PECAM-1498

[22]. Several CAMs are also involved in leukocyte499

transendothelial migration by binding their leukocyte500

ligands and allowing activated leukocytes entry into501

the tissues [22]. Extracellular stimuli such as inflam-502

matory mediators and SCFAs affect the expression503

of CAMs, influence the endothelial activation and504

thus, the blood-tissue permeability [23–25]. Increas-505

ing evidence suggests that several CAMs are involved506

in the pathophysiological processes of AD. However,507

the link of CAMs with microbiota and inflammation 508

as a possible underlying mechanism of cerebral amy- 509

loid pathology has not been studied till now. In vitro 510

studies demonstrated that A� and LPS increased the 511

expression of ICAM-1 and the PECAM-1 [26, 27]. 512

These molecules, found increased in the plasma AD 513

patients [28, 29] and in AD plaques [30], mediate 514

the transendothelial migration of leukocytes across 515

the blood-brain barrier (BBB) [31, 32] and have 516

been proposed to initiate the endothelial signaling 517

cascade and influence the progression of neuroin- 518

flammation [32]. Increased levels of E-Selectin and 519

P-selectin has been also reported in the plasma of 520

AD patients [33, 34]. The former has been asso- 521

ciated with vascular changes [34], the latter with 522

fast cognitive decline [33]. Moreover, AD platelets 523

show a significant increase in surface expression 524

of P-selectin, that represents a marker of granule 525

secretion [33, 35]. This pre-activated state of circu- 526

lating platelets in AD patients has been proposed 527

to contribute to dementia progression by triggering 528

perivascular inflammation, induction of vasoconstric- 529

tion, and consecutive brain hypoperfusion in addition 530

to contributing to the peripheral A� pool [33]. The 531

expression of the NCAM, considered an indicator of 532

neurogenesis and neuronal plasticity, is altered in the 533

brain and cerebrospinal fluid of AD patients com- 534

pared with controls [36, 37]. The decrease of NCAM 535

expression has been associated with cholinergic sys- 536

tem alterations in the prefrontal and temporal cortex 537

of humans [38] and inversely associated with phos- 538

phorylated tau, the other hallmark of AD pathology, 539

in the murine entorhinal cortex [39]. In vitro studies 540

using glioblastoma cells shown that CD44 induced 541

neurodegeneration through the phosphorylation of 542

tau [40] and attenuated the activation of the Hippo 543

signaling pathway [41], recently found altered in sev- 544

eral AD-related brain regions and proposed as an 545

early event in AD development [42]. Furthermore, 546

increased CD44 gene expression has been reported 547

in lymphocytes derived from AD patients [43]. 548

The effect of SCFAs and LPS on amyloid 549

pathology: Direct and indirect via endothelial 550

dysfunction and systemic inflammation 551

Direct evidences of the impact of SCFAs and 552

LPS on amyloid aggregation come from in vitro 553

and preclinical studies. Butyrate, but not acetate, 554

inhibited the in vitro aggregation of soluble and neu- 555

rotoxic A�42 aggregates by interfering with the initial 556

protein-protein interactions [14]. LPS potentiated the 557
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Fig. 4. Association matrix of circulating markers of endothelial dysfunction with circulating GMB-related products and cytokines and
cortical amyloid load. Columns represent adhesion molecules; rows represent GMB-related products, inflammatory mediators and cortical
SUVR uptake. Spearman’s rank correlation analyses included data for 67 subjects for endothelial dysfunction markers, SCFAs and amyloid
load, 61 subjects for endothelial dysfunction markers and cytokines, 52 subjects for endothelial dysfunction markers and LPS. Figures denote
Spearman’s rank correlation coefficient values. These are also represented on a yellow to purple color scale to facilitate the appreciation of
association patterns. Significance is denoted by dotted and solid cell borders.

A� fibrils formation in vitro [44] and, when directly558

injected into the ventricles of rats, reproduced many559

of the inflammatory and pathological features seen in560

AD brains [45].561

An indirect contribution of SCFAs and LPS on 562

AD development via tissue-blood barrier impair- 563

ment (gut-blood barrier (GBB) first and then the 564

BBB) has been also proposed. Considering the gut 565
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Fig. 5. Possible pathophysiological mechanisms for the GMB in
AD. Straight arrow tones denote the strength of the association
based on rho mean absolute values of the significant (p < 0.05)
correlations: light grey, rho 0.30–0.35; dark grey, rho 0.4; black,
rho > 0.5.

interface of the GBB, butyrate is important for566

maintaining the colonic epithelium. Indeed, it has567

been shown to enhance barrier function by sup-568

plying energy to intestinal epithelial cells and by569

increasing junctional integrity [46]. Conversely, LPS570

increased intestinal tight junction permeability [47].571

At the brain interface of BBB, SCFAs, mainly572

butyrate, increased the expression of tight junc-573

tion proteins in the frontal cortex and hippocampus574

of mice [48]. Systemic LPS and its components,575

known to be able to infiltrated the brain [49],576

induced BBB structural and functional alterations577

including the activation of the transcription of pro-578

inflammatory and cytotoxic pathways in astrocytes579

[50] and breakdown of inter-cellular tight junctions580

[51]. Considering the vascular interface of the bar-581

riers, butyrate acts as histone deacetylase inhibitor,582

transcriptional modulator, and anti-inflammatory583

molecule on microvascularity [52] and, conversely584

to acetate, decreased the endothelial Nlrp3 inflam-585

masome assembly and IL1� production formation586

and activation in endothelial cells [53]. LPS acti-587

vation of endothelia cells results in the production588

of various proinflammatory mediators, including589

IL6, and ultimately cellular injury [54]. Butyrate590

and LPS as well as acetate act as anti- and pro-591

inflammatory stimuli, respectively, also on innate592

and adaptive immune response. Butyrate promotes593

an antibacterial activity in intestinal macrophages594

and restricts bacterial translocation [55] while acetate595

mediates the production of cytokines (IL6, CXCL1,596

and CXCL2) by intestinal epithelial cells [56].597

Butyrate ameliorated the pro-inflammatory response598

of immune cells to antigen stimulus as LPS by599

expanding the Treg cell populations [57] and600

by reducing the expression of pro-inflammatory601

cytokines (i.e., IL-6) in human mature dendritic602

cells [58].

The effect of cytokines on amyloid pathology: 603

Direct and indirect via endothelial dysfunction 604

In addition to the pathways described above, 605

cytokines might have a direct effect on amyloid 606

aggregation or indirect via endothelial dysfunction. 607

Increased local and systemic expression of cytokines 608

have been reported in AD patients [59]. Cytokines 609

as IL-1� and TNF-� are produced by microglia and 610

astrocytes in response to exogenous and endoge- 611

nous insults [60] or are selectively transported into 612

the brain by the BBB [61]. Inflammatory media- 613

tors as IL1, IL6, IL18, TNF-�, and TGF-�1 affect 614

A�PP expression level [62] and metabolism [63] 615

possibly facilitating its amyloidogenic processing 616

and increasing A� production and deposition. More- 617

over, chemokines produced in response to amyloid 618

deposition, are responsible for the recruitment of 619

peripheral immune cells, such as monocytes [64], 620

neutrophils, and T cells [65], favoring the extent 621

of local inflammation. These findings can be inter- 622

preted in the light of the emerging role of A�42 623

as a physiological mediator of the innate immune 624

system [1] and as an antimicrobial peptide with func- 625

tions in the cerebral innate immune system [66]. 626

Thus, its production in the brain may be a protec- 627

tive response to bacterial and viral infections [67]. In 628

line, synthesized small-molecule inhibitors targeting 629

Porphyromonas gingivalis, the keystone pathogen in 630

chronic periodontitis identified in the brain of AD 631

patients, reduced the brain bacterial load, blocked 632

A�42 production, reduced neuroinflammation, and 633

rescued neurons in the hippocampus of infected mice 634

[68]. Besides, it is also plausible that amyloid deposi- 635

tion in the brain is the results of age-related defects in 636

the immune signals that monitor the molecular mech- 637

anisms implicated in its production, degradation, and 638

clearance. 639

It is well known that BBB endothelial cells respond 640

to inflammatory stimuli by generating vasoactive sub- 641

stances and through the modification of tight junction 642

structures that increased barrier permeability [69]. 643

Specific inflammatory mediators have been shown to 644

be associated with the evolution of the BBB disrup- 645

tion [70]. Moreover, IL1� induced changes in BBB 646

permeability [71] and the pathological relocation to 647

the BBB of a chemokine (CXCL12) linked to leuko- 648

cyte infiltration into the CNS [72]. IL-6 has been 649

shown to disrupt the integrity of the BBB in rat brain 650

endothelial cells [73], while NLRP3 deficiency ame- 651

liorated cerebral injury in mice after ischemic stroke 652

by reducing infarcts and BBB damage [74]. 653
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The theory of inflammaging describes the low-654

grade, chronic, systemic inflammation in aging, in655

the absence of overt infection (“sterile” inflamma-656

tion) [75]. While the features of inflammaging remain657

“normal” or “subclinical” in many elderly individ-658

uals, a portion of individuals (postulated to have a659

“high responder inflammatory genotype”) may shift660

to age-associated diseases [76]. This shift has been661

proposed to serve as a prodrome or an exacerbating662

factor for development of AD [77]. Among the major663

identified sources of inflammaging, there are endoge-664

nous host-derived cell debris, amyloids, free radicals,665

immunosenescence as well as products and metabo-666

lites produced by the GMB [78]. Thus, our results667

fit well the hypothesis that poses inflammaging as668

the link between the gut microbiome alteration, that669

triggers and sustains systemic inflammation, and the670

inflammation leading the onset of the pathological671

hallmarks of AD [79].672

This study has a number of limitations. First, we673

have not studied the effect of APOE genotype on674

the reported associations. The allele �4 of APOE is675

a known risk factor for brain amyloidosis and AD.676

While the effect of APOE genotype on GMB compo-677

sition is unknown, the role of host’s genome on the678

selection and growth of gut bacteria is well known679

[80], and might be responsible for some of the vari-680

ance of the effects observed in the current study.681

Second, we have not taken into consideration oxida-682

tive stress, known to be contributes to endothelial683

damage [81–83], A� accumulation [84] and detected684

in the early stage of AD, even prior to the marked A�685

accumulation [85, 86]. Interestingly, GMB appears686

to be an electron acceptor and, by shaping the redox687

potential of the gut, influences the permeability of the688

intestine [87]. Third, the present study shares several689

aspects with a recent paper on the GMB in patients690

with AD [8]. However, differently from that work,691

here we have studied [18F]-Florbetapir uptake as con-692

tinuous variable, gaining in sensitivity, and included693

the evaluation of functional GMB-related variables694

such as LPS and SCFAs. Last, some of the studied695

markers were not available for all study participants.696

The research programs that contributed the data to the697

current study are still ongoing and recruiting partici-698

pants, and future studies with a larger study popula-699

tion will allow to verify or falsify the current findings700

and also to evaluate other important biomarkers (i.e.,701

APOE genotype, tau pathology, and oxidative stress702

biomarkers) not considered in the present manuscript.703

In conclusion, we report a novel association of704

GMB-related products and systemic inflammation705

with brain amyloidosis possibly via endothelial dys- 706

function, suggesting that SCFAs and LPS represent 707

candidate pathophysiologic links between the GMB 708

and AD pathology. Reduction of butyrate together 709

with increased acetate, valerate and LPS levels may 710

compromise the tissue-blood barrier integrity, cause 711

and sustain low-grade systemic inflammation and, 712

ultimately, enter the CNS and facilitate the AD 713

pathological cascade. Based on these evidences, 714

examination of gut microbiome could present poten- 715

tial avenues and opportunities to discover and develop 716

specific microbial signatures that are associate with 717

the prognosis of AD progression. Ultimately, inter- 718

ventions that modulate the gut microbiome and enrich 719

beneficial bacteria and bacterial metabolites may be 720

helpful in ameliorating, preventing or slowing neu- 721

rodegeneration. 722
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