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Intestinal barrier dysfunction links metabolic and
inflammatory markers of aging to death in Drosophila
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Aging is characterized by a growing risk of disease and death, yet
the underlying pathophysiology is poorly understood. Indeed, little
is known about how the functional decline of individual organ
systems relates to the integrative physiology of aging and
probability of death of the organism. Here we show that intestinal
barrier dysfunction is correlated with lifespan across a range of
Drosophila genotypes and environmental conditions, including mi-
tochondrial dysfunction and dietary restriction. Regardless of chro-
nological age, intestinal barrier dysfunction predicts impending
death in individual flies. Activation of inflammatory pathways
has been linked to aging and age-related diseases in humans,
and an age-related increase in immunity-related gene expression
has been reported in Drosophila. We show that the age-related
increase in expression of antimicaobial peptides is tightly linked
to intestinal barrier dysfunction. Indeed, increased antimicrobial
peptide expression during aging can be used to identify individual
flies exhibiting intestinal barrier dysfunction. Similarly, intestinal
barrier dysfunction is more acaurate than chronological age in iden-
tifying individual flies with systemic metabolic defects previously
linked to aging, including impaired insulin/insulin-like growth fac-
tor signaling, as evidenced by a reduction in Akt activation and up-
regulation of dFOXO target genes. Thus, the age-dependent loss of
intestinal integrity is associated with altered metabolic and im-
mune signaling and, critically, is a harbinger of death. Our findings
suggest that intestinal barrier dysfunction may be an important
factor in the pathophysiology of aging in other species as well,
including humans.

in aged mammals (9) and Drosophila (10-13). Moreover, we (13)
and others (14-16) have shown that the intestine represents an
important target organ with respect to genetic interventions that
promote longevity in both C. elegans and Drosophila (17). One
interpretation of these findings is that maintaining intestinal in-
tegrity is an important determinant of health and viability at the
organismal level; however, given that most assays of intestinal
homeostasis are based on imaging techniques that require killing
the flies (10-12), it has not been possible to determine how the
onset of intestinal degeneration in individual flies relates to other
aspects of aging and/or subsequent mortality.

We recently developed a noninvasive assay to determine in-
testinal integrity in individual flies (13). In the present work, we
used this assay to further explore the role of intestinal barrier
dysfunction in Drosophila aging. Our results show that loss of in-
testinal integrity accompanies aging across a range of Drosophila
genotypes and environmental conditions. Interventions that ex-
tend lifespan, such as reduced temperature or dietary restriction,
delay the onset of intestinal barrier defects, whereas loss of sub-
unit b of mitochondrial complex II (sdh B) accelerates the onset of
intestinal barrier defects and shortens the lifespan. Critically, in-
testinal barrier dysfunction is a better predictor of age-onset
mortality than chronological age. Furthermore, we show that flies
with intestinal barrier dysfunction display increased expression of
antimicrobial peptides (AMPs), impaired IIS and reduced meta-
bolic stores compared with age-matched animals without in-
testinal barrier defects. Thus, in a population of aging flies, we can
now identify individuals showing systemic metabolic defects,



Serum Zonulin Concentrations Among Healthy Young and
Older Adults Correlate With Inflammatory And Aging Markers
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Pedro Carrera-Bastos!2, Oscar Picazo?, Maelan Fontes-Villalba'2, Helios Pareja-Galeano®*",
Staffan Lindeberg!, Manuel Martinez-Selles®, Alejandro Lucia®#, Enzo Emanuele®

IClinical Research Center, Faculty of Medicine, Center for Pnmary Health Care Research, Lund Umversity,
"NutriScience — Education and Consulting, Lisbon, Portugal.

*Furopean University of Madnd, Spain.

*Research Institute of Hospital 12 de Octubre ('i+12"), Madrid, Spain_

*Servicio de Cardiologia, Hospital Universitario Gregorio Marafion. CIBERCV, Universidad Europea,
Universidad Complutense, Madnd, Spain

%JE Science, Robbio, Pavia, Italy.

[Received March 23, 2017; Revised May 3, 2017; Accepted June 30, 2017]

ABSTRACT: Endotozremia-induced inflaimmation has been associated with insulin resistance and
atherosclerosis, nltimately increasing the risk of coronary heart disease. Increased intestinal permeahility is an
important event leading to endotoxemia. This studv aims to elucidate the possible association between endotoxin
{(lipopolyvsaccharide) and zonulin (a biomarker of intestinal permeabilitv) levels and the risk of coronary heart
disease, and thus healthv aging. Serum levels of zonulin, lipopolvsaccharide and soluble CD14 (a protein that
hinds lipopolvsaccharide) were measured in disease-free centenarians, voung healthv controls and patients with
precocious acute mvocardialinfarcton. Disease-free centenarians had significantly lower levels of serum zonulin
(P<0.01)}) and lipopolvsaccharide (P<=0.001) than voung patients with acute mvocardial infarction, and had
significantly lower concentrations of serum kpopolvsaccharide tham voung healthy controls (P=0.05). No
significant differences were found for soluble CD14 between groups. Our findings mav stimulate further
research into the role played by intestinal permeability and endotoxemia not only in coronary heart disease but
also in lifespan modulation.






Prevalence Of Symptoms Following COVID In Children And Adolescents

Long-COVID in children and adolescents Reportad symptom: fligue
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Figure 2, The pooled prevalence of long-COVID by symptoms in children and adolescents. Meta-

revealed that the prevalence of more than 40 long-COVID symptoms in children and adolescents. The presence )
of one or more symptoms following a SARS-CoV -2 infection was 25.24%. Lopez-Leon, et al Sci Rep 12, 9950 (2022).



Symptoms

« Chest pain
» Palpitations

» Cardiac Impairment
» Myocardial inflammation
* POTS

Pathology

« Cough « Abnormal gas
T + Dyspnoea exchange o~
-{ L0 « Autoimmunity

| e

» MCAS

» Diabetes
« Pancreas injury

|

« Abdominal pain « Gut dysbicsis
* Nausea « Viral persistence
and viral reservoir

Neurological system
+ Cognitive impairment < Dysautonomia e
« Fatigue * ME/CFS &3
» Disordered sleep » Neuroinflammation 1
* Memory loss « Reduced cerebral i
« Tinnitus blocd flow J

« Small fibre neuropathy

» Coagulopathy
« Deep vein thrombosis
« Endothelial dysfunction "
Microangiopathy
Microciots
Pulmonary embaolism

» Fatigue

* Reduced
sperm count

« Erectile dysfunction

« Increased severity and
number of premenstrual
symptoms

« Irregular menstruation

FATIGUE

POST-EXERTIONAL
MALAISE

BRAIN FOG

SELECT SENSORIMOTOR
SYMPTOMS

HEADACHES AND
RELATED SYMPTOMS

MEMORY ISSUES

INSOMNIA

MUSCLE ACHES

SPEECH/LANGUAGE
ISSUES

SHORTNESS
OF BREATH

JOINT PAIN

TACHYCARDIA

TIGHTNESS
OF CHEST

OTHER SLEEPING
SYMPTOMS

Prevalence Of Symptoms
Following COVID In Adults

REMAINING SYMPTOMS AFTER MONTH 7 (PREVALENCE >30%)
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Davis HE, et al Nat Rev Microbiol 21, 133-146 (2023)



What Causes Long COVID?

Four Hypothesis As To What Might Be Four Interconnected Steps Leading To
Causing Long COVID Symptoms Long COVID Symptoms
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Prolonged shedding of
virus in stools

Role in acute illness (?)
Role in long COVID
Role in MIS

MIS-C
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1. Persistent Virus:
The Role of The Gut in COVID-19
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Spike protein present in the serum of long COVID
patients despite no virions are present in circulation

A B C
A 10° " e PASC
102 2 . + s COVID-19 Membrane protein (M)
310°q 4 z = T e e
E | S g ¥ B E y:  p- |
g, a a ¢ ‘ ?g ! Small envelope protein (E)
= 5 2 o = —
0 N 5-;_ ° | * , u? Z 10 - & Nucleocapsid protein (N)
1 ° % L‘ Genomic +ssRNA
LR TO—— ; | e s -
T T T 10 T T T T T T
0 5 10 0 5 10 0 5 10
Months post-diagnosis Months post-diagnosis Months post-diagnosis
Clin Infect Dis, Volume 76, Issue 3, 1 February 2023, Pages e487—e490, https://doi.org/10.1093/cid/ciac722 Wh y ’? H O W ’?
Spike protein is present in the serum of MIS-C patients
despite no virions are present in circulation |
P p** ) SARS-CoV2 Ags profile measured
1000 - - i
e - 1000 A = 1000 by Simoa assay
3 o - 2 °
S 100 o o © E 1004 ° 5 1007
et o &P S 2
g ® Ofo < i iy g o0
f=3 10 ® o D »v o 104 St g 107 ¢ e}
e s Y oo
o) 5
< oﬁegeoo &%
1 T T T 1 T T T 1 T T T
healthy MIS-C COVID-19 healthy MIS-C COVID-19 healthy MIS-C COVID-19

Yonker, Gilboa, Ogata et al, JCI, July 2021


https://doi.org/10.1093/cid/ciac722

2. Chronic Inflammation--, -
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MIS-C is driven by zonulin-dependent loss of gut mucosal barrier

Exposure to SARS-CoV-2
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JCI The Journal of g Pathogenesis of MIS-C
%lmcal Investigation |

.:;5;‘:‘3«‘ - 7 . Q‘ « SARS-CoV-2 detected In the stool weeks-
ASER° months after COVID-19 first encounter.

,\-‘ « SARS-CoV2 presence in Gl tract causes
microbiome imbalance (dysbiosis)

e Zonulin release detected in MIS-C
plasma.

* Highly inflammatory viral particles leak
Into circulation.

Increasedgastrontesu « Current treatments target immune
“‘““’“""‘*’“‘"a"“' hyperactivation, not mucosal barrier
Integrity.
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Age (years)
Female Sex
Non-white Race”
BMI (kg/m2)

Current Smoker

Increase In Zonulin And Oxidized LDL Is
Associlated With Post-Acute Sequelae of SARS-CoV-2

COVID+

COVID- (n=258)

43.68 = 13.6Y
101 (24.34)
108 (26,02)
2791 £ 605

158 (38.35)

Median number of days from infection

Comorbidities
Hypertension
Diabetes

HIV infection
Medications
Statin

Ox-LDL (U/L)
1L-6 {pg/ml)
D-dimer (ng/mL)
hs-CRP (ng/ml)
sTNF-RI (pg/ml)
Zonulin (mg/mL)

LBP (ng/mL)

27 (10.47)

5(1.94)

98 (37.98)

5(1.94)

47.02 (3552, 62.77)

2,65 (1.62, 4.25)

423.7 (256.02, 705.09)
272007 (941.82, 7205.25)

1103.11 (887.11, 1375.03)

3.37 (2.13,4.91)

16657.37 (1189967, 21686.01)

No PASC (n=72)

n (%) or median (IQR) / mean = std

4485 £ 1331
35 (8.43)
25 (6,02)

30.68 + 9.49
19 (4.61)

292 (IQR: 172, 518)

14 (19.44)
5(6.94)

22 (30.56)

11 (14.1)
57.24 (40.7, 75.37)

2.21 (144, 3.63)

3.43 (1,65, 5.25)

14441.98 (991942, 23111.83)

*Includes African Amencan, Asian, Hispanic, and Other Numbers in Bold indicates statistical significance (P < 0.05)

PASC+ (n=85)
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50 (12.05)
26 (6.27)

31.82 £ 8.63

9(2.18)
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9 (10.59)
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246 (1.77,4.01)

42996 (243.58, 677.41) 451.57 (266.36, 626.74)
276487 (1188.0, 7241.84) 318265 (14239, 8931.79)
966.99 (755,06, 1331.06) 109998 (886.19, 1316.1)

4.76 (3.2, 7.35)

16438.56 (10640.08, 22563.73)

0.05

0.01

0.14

0.0002

<0001

0.001

0.0002

0.l

0.28

<.0001

025

0.35

0.08

<.0001

0.66

Characteristics of
participants by COVID and
PASC (Long COVID) Status

Mouchati C et al, Front Immunol, 2023



Zonulin (mg/mL}

Distribution of Zonulin by COVID Distribution of Oxidative-LDL by

And PASC Status COVID And PASC Status
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Mouchati C et al, Front Immunol, 2023



Association of Gut Permeability And Independent Associations with
Oxidated-LDL with PASC COVID+ PASC+
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Blocking Zonulin to Stop The March Toward Chronic
Inflammation Onset (Experimental Medicine At Work)

Zonulin Inhibitor
Larazotide Acetate
(AKA AT1001)

0
— - W
{ N0
0 ‘n’k!g
”NJI\/\(J\‘O
S
i
\[fq' \i/\l/k“ .

,'NIO
G
u:l\:

HN

/(l
€,
"

Persistent
virus




Larazotide Expedites Gl Symptoms

Resolution and Spike Clearance in MIS-C

* FDA approval for compassionate use

* |RB approval

* Clinical team approval

» Patient/family consent

» Larazotide 10mcg/kg (max 500mcg/dose) four times daily x 21

Larazotide treatment associated with:

e Significantly shorter time to resolution of Gl symptoms

e Significantly faster clearance of Spike antigenemia

* Trend toward improvement in:
* Length of stay
* Fever duration

* No escalation of care in larazotide-treated group

days
* Currently in phase 2 DBPC trial
Patient characteristics Patient 1 Patient 2 Patient 3 Patient 4 Larazotide Histori
. . . . ISTOriIc
Age (years) 7 3 6 d MIS-C with larazotide add-on vs historic controls treated P value
Sex F F F M (n=4) controls (n=22)
Race. Ethnicit White Asian Black White
’ y Non-Hispanic | Non-Hispanic | Non-Hispanic | Non-Hispanic | |A8€, mean years (range) 8.8 (3-17) 9.1(1-21) ns

SARS-CoV-2 RT-PCR

POV R or Yes Yes Yes Yes LOS, mean days (range) 4.5 (3-7) 7 (2-16) ns
antibody positive
SARS-CoV-2 Spike Yes Yes Yes Yes Escalation of care, number 0 3 ns
antigenemia

Mild dilation . .
Cardiac involvement None None coronary of coronary Fever duration, post steroids/IVIG, mean days 0.8 (0-2) 1.6 (0-6) ns
aneurysm (range) . .
artery g
. . abdominal
adbominal pain abdominal pain, abdominal pain ain
Gastrointestinal involvement . PN 1 vomiting, a7 pain, pain, Time to resolution of Gl symptoms, mean days
diarrhea diarrhea vomiting vomiting, 2.3 (1-3) 6.7 (1-17) 0.03
diarrhea (range)
Highest level of care Ward Ward PICU Ward
i Time to first clearance of Spike, median days

Treatment with approve.d, Ves Ves Ves Ves pike, y 1(1-12) 10 (6-190) 0.04
expanded use of larazotide (95% ClI)




ol Conclusions ve

« Genetic predisposition and exposure to environmental triggers are necessary but not
sufficient to start the march from genetic predisposition to clinical outcome

« The human microbiome, particularly the gut microbiome, seems to be instrumental in shifting
from genetic predisposition to clinical outcome

« The first 1,000 of life are crucial in setting the proper symbiotic relationship between the
microbiome and its human host

« Western lifestyle seems associated to an increased risk of developing chronic inflammatory
diseases

« Of all the elements that may disturb the proper engraftment and maturation of a symbiotic
microbiome, diet seems to be the most impactful

« This observation outline the important of quality, and not only quantity, of food as a key
determinant of the balance between health and disease

 Therefore, dietary interventions may in the near future be a therapeutic strategy to implement
personalized interventions and/or mitigate the risk of developing chronic inflammatory
diseases
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