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Type 1 diabetes

AT1D is caused by progressive loss of
Insulin-secreting capacity due to the
selective death of beta cells in the islets of
Langerhans

A Although approximately 80% of subjects
with T1D carry defined risk-associated
genotypes at the human leukocyte antigen
(HLA) locus, only 3-7% of the carriers of
such genetic risk markers develop the
disease

A Seroconversion to islet autoantibody
positivity Is the first detectable signal
Implicating initiation of autoimmunity and
risk of progression towards diabetes
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Environmental causes of immune disorders
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Our first study in T1D

Published December 15, 2008

ARTICLE

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)

) QL antibody
DIPP ' N= 1167
Newborns screened
N=104111*
¢ antibody T1D : Prolglr_eggors Progl\EsGsors
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. Oregq i el al., J Exp Med (2008)



Study setting T how to compare cases and controls?
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Lipidomics on complete
1196 sample series

Progressors vs. Nonprogressors
AConsistent decrease of multiple

phospholipids throughout the follow-up
A ow 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. Oreg i 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

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

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

A 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?

AObesity? No (no change in trend over past decade)
AEnterovirus infections? No (infections actually increased)

ADiet/gut microbiome? No (weak association with incidence)
AEnvironmental contaminants?

—

- A Per-and poly-fluorinated alkyl substances (PFAS) are a group of man-made chemicals
A Widely used since the 1950s in household and industrial products that resist heat, oil,
stains, grease and water, e.g., in food packaging, non-stick cookware, outdoor clothing,
carpet protection, cleaners, fire fighting foams etc.

A 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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Octanoiacid Perfluorooctanesulfonarid Perflucrooctanoiacid R
PFOS PFOA ot "

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, _& 18 B ==
respectively. . m,,
PFAS have been shown to alter eukaryotic cell membrane properties and

Increase membrane permeability.

Toxicology Reports 3 (2016) 664-672

Contents lists available at ScienceDirect

HVIHﬂ"mE"THL | Toxicology Reports
&Ienm &Technnlnqu LETTEHS @ Cite This: Environ. Sci. Technol, Lett. 2018, 5, 237242 pubs.acs.org/journal/esticu XA
journal homepage: www.elsevier.com/locate/toxrep

PFOA and PFOS Disrupt the Generation of Human Pancreatic
Progenitor Cells Exposure to perfluoroundecanoic acid (PFUnDA) accelerates insulitis
st development in a mouse model of type 1 diabetes

Shuyu Liu,JF’i Nuoya Yin,?’i and Francesco Faiola

Johanna Bodin*, Else-Carin Groeng, Monica Andreassen, Hubert Dirven,
Unni Cecilie Nygaard



Impact of chemical exposures on islet autoimmunity

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

Positive correlation
Negative correlation

Partial correlation network analysis
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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

A AAb+ vs. AAb- AAb+ vs. AAb-

1.0

PFHxS i e
PFHpS ] o=
PFOS |
PFOSA
PFPeS
PFOA
PFDA
PFECHS
PFTDA
PFBS
PFDoDS
PFPeA
PFNA
PFHpA
PFURDA
PFBA
PFTIDA
PFNS
PFDoDA
PFDS

0.8

0.6

Sensitivity [TPR]

0.4

f - PFPeA
' PFPeS
| & PFHxS

3 PFHpS

0.2

PFOSA

AUC (mean) = 0.78 [CI 95%: 0.51 - 0.76]

. AUC = 0.81 [95% CI: 0.76 - 0.83]

0.0

2 UUUUUJUUUUUUUUHJH

|

|

:

|
0.05 0.10 0.15 0.20 00 02 04 06 08 10
Ranks: abs(1 - OR) 1 - Specificity [FPR]

Logistic ridge regression (LRR) models

o

Mc Gl i nc heQr éAd Hrip M, Hyotylainen T. Environ Int. 2020



PFAS exposure & genetic risk for T1D

APFAS exposure alone cannot explain increased risk of T1D.
. . . . . HLA*PFAS

For example, the incidence of T1D in Finland is about 50 5,067
cases per 100,000 population, while, e.g., In China the 0.11
incidence is about 1/100,000. 0.025

. . i LPC(20:4) 0.041

AYet, 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
Alnteraction 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

Mc Gl i nc heQr éAd Hrip M, Hyotylainen T. Environ Int. 2020



Establishing causal relationship between prenatal
PFAS exposure and lipids in offspring

A Two studies in NOD mice:
I Model 1: prenatal exposure to PFUNDA at three concentrations

I 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
a, b, gHCH
a, oxy and trans- chlordane
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Lithocholic acid (LCA)

Marked impact of PFAS exposure on LCA levels in NOD mice
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Litocholic acid (LCA) 1 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
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Conclusions (prenatal PFAS exposure)

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

Awe 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.

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

Aour 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

Log,(FC)
P1Ab vs CTR pzmcm_ E =
-050 05
N | | [~ | B Ruminococeus_bromii | GCF_000209875

[ E Alistipes_shahii | GCF_000210575
= Bl B Alistipes_finegoldii | GCF_000265365

!. Prevotella_copri| GCF_000157935

Roseburia_inulinivorans | GCF_000174195

Collinsella_aerofaciens | GCF_000169035
| Eubacterium_biforme | GCF_000156655
Clostridium_hiranonis | GCF_000156055
Bacteroides_stercoris | GCF_000154525
Collinsella_tanakaei | GCF_000225705
Bacteroides_finegoldii | GCF_000156195
Eggerthella_lenta | GCF_000024265
Clostridium_bartlettii | GCF_000154445
Veillonella_dispar | GCF_000160015
Alistipes_onderdonkii | GCF_000374505
Clostridium_ramosurmn | GCF_000154485

Flavonifractor_plautii | GCF_000239295

Angerostipes_hadrus | GCF_000332875
Roseburia_hominis | GCF_000225345

rirvvscrn rorviscre BRI
I' p<005 *p<0.01 *** p<0.001

6 121824 36|6 121824 36|6 1218 24 36
Age (months)

I Bile acid metabolizers

Lamichhane S, S e rKnipPM, O& e dMi Qell Rep Med. 2022

QOdoribacter_splanchnicus | GCF_000190535
Lachnospiraceae_bactenium_3_1_57FAA_CT1 | GCF_000218405

Megasphaera_micronuciformis | GCF_000165735

Clostridiales_bacteriurn_1_7_47FAA | GCF_000155435

@ Adlercreutzia_equolifaciens | GCF_000478885

SERUM STOOL

P1Ab we CTR  P2Ab s C‘.TR

P1ab vs CTR FE-“?HCTR

CADCA
CDCAHCA
COCAHDCA
CDCAILCA
UDCALCA
12omal CA
TaxnDCA
TaxoHDCA
abCA
DCA
GOCA
GHCA
GHOCA,
GLCA
HCA
HDICA
TahiCA,
TOHGA
THGA,
THDCA
TLCA
TUDCA
TwICA
UDCA
wWHCA
GUDOCA
GCA
GCOCA
TCA
TCDCA
TOCA

CA

COCA,
LCA,
bhACA,

- ﬂl_ﬂl ﬂ=ﬂ

~aa B EIJ- II.-

@l |
BN O B

|
&
B

]
|
IIII
u
H
o |
[
¥ HD
n N

DHCA
PraacTR P2 vecre [BEAPIAR PraovscTR Poasecn [PEABRPIAD)

GOHCA
6121824 36| 6121824 36|68 1218 24 366 12 18 24 36| 6 12 18 24 36| 6 12 18 24 36

Age (months)
log,(FC)

Genome scale metabolic
modeling of gut microbial
communities predicted

decreased production of
secondary bile acids in P2Ab

group.




Discovery of microbially conjugated bile acids (MCBAS)
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Study of MCBAs in DIABIMMUNE cohort

DIABIMMUNE
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Presence of MCBAS In early life

CA: Cholic acid

CDCA: Chenodeoxycholic acid

DCA: Deoxycholic acid (2ndary)
HDCA: Hyodeoxycholic acid (2ndary)
UDCA: Ursodeoxycholic acid (2ndary)



