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Type 1 diabetes

 T1D Is caused by progressive loss of
Insulin-secreting capacity due to the
selective death of beta cells in the islets of

Langerhans GADA IAA o

GADA
 Although approximately 80% of subjects
with T1D carry defined risk-associated

genotypes at the human leukocyte antigen it O

(HLA) locus, only 3-7% of the carriers of | " // Diagnosis
such genetic risk markers develop the ' / * |
disease L

» Seroconversion to islet autoantibody _ |
positivity Is the first detectable signal {

iImplicating initiation of autoimmunity and 0 1 2 13 4 5 & 7 s
risk of progression towards diabetes Age (yr)



Environmental causes of immune disorders
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Our first study in T1D
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Dysregulation of lipid and amino acid
metabolism precedes islet autoimmunity
in children who later progress

to type 1 diabetes
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Finnish Type 1 Diabetes Prediction and Prevention
Study (DIPP)

‘ =1 antibody
DIPP ' N= 1167
Newborns screened
N=104111*
>2 antibody T1D : Prolglr:eggors Progl\::s6sors
Genetic risk N=430 N= 122 (473 samples) (42 samples)
N=14822
In follow-up
N=8026
Nonprogressors Nonprogressors
N= 67 N=6
(636 samples) (45 samples)

Cases and controls matched by

gender, HLA genotype, city and
period of birth.

*as of June 2006 M. OreSic et al., J Exp Med (2008)



Study setting — how to compare cases and controls?
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Study setting = Age cohorts
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Lipidomics on complete
1196 sample series

Progressors vs. Nonprogressors
*Consistent decrease of multiple

phospholipids throughout the follow-up
Low triglycerides at early age

Commentary | December 15 2008
Causes of early-onset type 1 diabetes: toward data-

driven environmental approaches

Pierre Bougneres, Alain-Jacques Valleron

=+ Author and Article Information M) Check for updates

J Exp Med (2008) 205 (13): 2953-2957.  https://doi.org/10.1084/jem.20082622

This sort of metabolomic approach to T1D natural history may be a

pioneering example of environmental data-driven approaches.

M. OreSic et al., J Exp Med (2008)
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Replication of our findings in multi-national TEDDY cohort
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Incidence rate of T1D per
100000 person years

Hypothesis: Potential role of environmental stressors

« Our earlier findings indicate that children who later progress to T1D acquire a risk metabolic
phenotype already in utero.

 Altered phospholipid (incl. sphingolipid) metabolism may play a direct role in T1D
pathogenesis via impact on immune system (not discussed here)

 What could be the cause of altered phospholipid levels in newborns at risk of T1D?

T1D incidence in Finland and Sweden has stabilized or decreased

Waernbaum et al, Diabetologia 66, 346-353 (2023)
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Incidence of childhood-onset (0-14 years) type 1 diabetes

Increased immigration from countries with lower
reported incidence does not explain the levelling off of trend



Explanation for change in incidence rate among
the risk factors?

* Obesity? No (no change In trend over past decade)
* Enterovirus Infections? No (infections actually increased)

 Diet/gut microbiome? No (weak assoclation with incidence)
* Environmental contaminants?

—

N

Per- and poly-fluorinated alkyl substances (PFAS) are a group of man-made chemicals.
Widely used since the 1950s in household and industrial products that resist heat, oll,

stains, grease and water, e.g., in food packaging, non-stick cookware, outdoor clothing,
carpet protection, cleaners, fire fighting foams etc.

EU Introduced tighter regulation of PFOS in 2009 (phased out by industry already in 2002);
currently complete ban on PFAS is considered in EU. /
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Octanoic acid Perfluorooctanesulfonic acid Perfluorooctanoic acid
PFOS PFOA

PFOS and PFOA are well absorbed orally and are very slowly eliminated
from the body in humans with a half life of approximately nine and four years,
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PFAS have been shown to alter eukaryotic cell membrane properties and
Increase membrane permeability.

Toxicology Reports 3 (2016) 664-672

ANNE TIM ano BILL
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PFOA and PFOS Disrupt the Generation of Human Pancreatic
Progenitor Cells Exposure to perfluoroundecanoic acid (PFUnDA) accelerates insulitis

Shuyu Liv,” Nuoya Yin,"* and Francesco Faiola* development in a mouse model of type 1 diabetes

Johanna Bodin*, Else-Carin Groeng, Monica Andreassen, Hubert Dirven,
Unni Cecilie Nygaard
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Impact of chemical exposures on islet autoimmunity

264 mother-infant dyads
incl. 10 progressors to islet autoimmunity

8 lipid clusters

4 metabolite clusters
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Verification study
Longitudinal study of children at-risk for T1D
(incl. progressors to multiple islet autoantibodies)
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FOS

Key: Individual PFAS

Maternal polar metabolite cluster

Maternal lipid cluster

Child polar metabolite cluster
Child lipid cluster

Clinical variable

00LI0

Positive correlation

Negative correlation

Partial correlation network analysis
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Phospholipids with PUFAs
Odd-chain TGs

Amino acids, dicarboxylic and hydroxyl
acids

2- and 3-butyric acids, main free fatty
acids

BCAAs, sugar derivatives

Amino acids

General description Main lipids

CE(18:1), CE(16:0), CE(20:4),
TG(18:2/18:1/18:1), DG(36:2),
TG(18:1/18:1/18:1)

SM(42:1), PC(38:4), PC(38:6), PC(40:6),
PC(18:0/18:0)

TG(18:2/18:1/16:0), TG(14:0/18:1/18:1),
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Impact of prenatal exposure to PFAS (quartiles) on specific
cord serum lipids & polar metabolites from newborns

McGlinchey A, et al. Environ Int.
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Exposures in prediction of progression to islet
autoimmunity
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PFAS exposure & genetic risk for T1D

* PFAS exposure alone cannot explain increased risk of T1D.
For example, the incidence of T1D in Finland is about 50 e
cases per 100,000 population, while, e.g., In China the 0.11
incidence is about 1/100,000. 0.025

. . _ LPC(20:4) 0.041

* Yet, In Chinese urban areas, the levels of PFAS in newborns T
are markedly higher, about an order of magnitude, than in 0.025
Finland (Sinisalu et al, Metabolomics, 2021) 0.42

- Interaction of HLA risk genotype & exposure? 0.012

Impact of prenatal exposure to PFAS on lipid profiles in newborns 0.80

IS excacerbated by increased HLA-associated risk of T1D. 2-way ANOVA on lipids which are

significantly impacted by prenatal
exposure to PFAS

McGlinchey A, ...,, Oresi¢ M, Knip M, Hyétylainen T. Environ Int. 2020



Establishing causal relationship between prenatal
PFAS exposure and lipids in offspring

 Two studies in NOD mice:

— Model 1: prenatal exposure to PFUNDA at three concentrations
— Model 2: prenatal exposure to mixture of persistent organic pollutants

(POP), mimicking human exposure, 2 concentration levels

4 Brominated compounds Chlorinated compounds Perfluorinated compounds )
BDE 100 PCB 101 PFDA
BDE 153 PCB 118 PFHXS _
BDE 154 PCB 138 PFNA PFAS/POPmiIx exposure
BDE 209 PCB 153 PFOA accelerates development of
PBDE 47 PCB 180 PFOS - " :
SRDE 99 OB 28 SEUNDA m_sulltls and autoimmune
PCB 52 diabetes
p.p"-DDE Bodin J et al, Toxicol Rep (2016)
Dieldrin
HBCD
HCB
o, B, y-HCH
o, oxXy and trans- chlordane



DIPP EDIA NOD mice NOD mice
LIPID T1D PFAS PFUnDA POP mix
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due to prenatal PFAS exposure (in o
. . PC(40:7)
humans as well as in NOD mice) oo
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McGlinchey A, et al. Environ Int. 2020 Oct;143:105935.



Lithocholic acid (LCA)

Marked impact of PFAS exposure on LCA levels in NOD mice
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Litocholic acid (LCA) —secondary bile acid

LCA suppresses
phospholipids and

sphingolipids in the liver

LCA and its metabolites
control Thl7 and Treg
differentiation

Lithocholic Acid Disrupts Phospholipid and

Sphingolipid Homeostasis Leading to Cholestasis in Mice

Tsutomu Matsubara, Naoki Tanaka, Andrew D. Patterson, Joo-Youn Cho, Kristopher W. Krausz,
and Frank J. Gonzalez

HEPATOLOGY, Vol. 53, No. 4, 2011

Article

Bile acid metabolites control T,17and T,
cell differentiation

https://doi.org/10.1038/541586-019-1785-z Saiyu Hang''?, Donggi Paik''?, Lina Yao?, Eunha Kim', Trinath Jamma?, Jingping Lu?,
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Conclusions (prenatal PFAS exposure)

* high prenatal exposure to PFAS alters lipid profiles in newborn children,
which, In turn, may increase the risk of T1D.

» we Identified a potential role for a gene-environment interaction (HLA risk
genotype and prenatal PFAS exposure), which may lead to altered lipid
profiles in newborn children at-risk of developing T1D. Role of HLA In

mediating the impact of chemical exposures needs to be investigated
further.

* the Impact of PFAS may be mediated via secondary bile acids such as LCA
(and consequently, by the gut microbiome).

» our findings may offer an explanation for the changing trend in T1D
iIncidence in Western countries.



Bile acids

Cholic Acid

Optionally added
in liver; determines
CAvs ChDxCA

Conjugation Site

; Removed by gut bacteria:
CA — DxCA
ChDxCA — |icA

CA = cholic acid LiCA = lithocholic acid
DxCA = deoxycholic acid ChDxCA = chenodeoxycholic acid

Glycocholic acid 0

Taurocholic acid ) OO0
N
‘e, N/\/ “~OH



PFAS Interfere with bile acid metabolism and impact
gut microbiome

@ml @ Bile acid
Bile acids are excreted into the small intestine 4§ ~ LIVER #  PFAS
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The bile acid transporters found in the liver are also found in the intestine and placenta.
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Several microbes metabolizing bile acids are decreased In

P2Ab group
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Discovery of microbially conjugated bile acids (MCBAS)
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Study of MCBAs in DIABIMMUNE cohort
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Presence of MCBASs In early life
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Log2-Transformed Relative Level

Log2-Transformed Relative Level

Trajectories of MCBASs In early life

CA-conjugates
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Correlations between the microbes and stool levels of MCBAs
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Summary — bile acids and gut microbiome In
progression to islet autoimmunity

« Systemic bile acids and the associated gut microbiota were altered In
progression to islet autoimmunity.

« Quantitative analysis and community modeling of gut microbiota on a
genome-scale revealed dysregulation of secondary bile acid pathways,
preceding the seroconversion to islet autoantibodies.

« MCBASs have defined core BA-dependent trajectories in early life.

» Specific MCBAs associate with progression to one or multiple islet
autoantibodies

« MCBAs reqgulate Th1l7/Treg balance In speciffic manner



Do chemical exposures impact metabolism of human fetus?
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Metabolomics Cohort
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Notable associlations of hepatic metabolites with PFAS
exposure in human fetus
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7a-hydroxy-4-cholesten-3-one (C4), a marker of BA synthesis rate, was strongly positively

associated with PFAS levels and was detectable as early as gestational week 12.

Hyotylainen T, ..., Fowler PA,, OreSi¢ M. Lancet Planetary Health (2024)



Conclusions (fetal liver study)

* The data show direct evidence for in-utero effects of PFAS exposure on
specific key hepatic products.

* Our results provide evidence that PFAS exposure, with potential future
conseguences, manifests in the human fetus as early as the first
trimester of gestation.

» Such exposures are already linked with susceptibility, initiation,
progression and/or exacerbation of a wide range of metabolic diseases.
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Thank you!
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