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Abstract

Purpose of Review Probiotics intake may be considered beneficial by prospective and pregnant mothers, but their effects
on offspring development are incompletely understood. The purpose of this review was to examine recent pre-clinical and
clinical studies to understand how maternal probiotics exposure affects offspring health outcomes.

Recent Findings Effects were investigated in the context of supporting offspring growth, intestinal health, and gut microbiota,
preventing allergic diseases, supporting neurodevelopment, and preventing metabolic disorders in pre-clinical and clinical
studies. Most human studies focused on infancy outcomes, whereas pre-clinical studies also examined outcomes at adoles-
cence and young adulthood. While still understudied, both pre-clinical and clinical studies propose epigenetic modifications
as an underlying mechanism. Optimal timing of intervention remains unclear.

Summary Administration of selected probiotics to mothers has programming potential for sustaining life-long health of
offspring. Administration protocols, specific windows of susceptibility, and individual-specific responses need to be further

studied.

Keywords Developmental Origins of Health and Disease - Probiotics - Nutritional programming - Gut microbiota -
Pregnancy - Infant - Sex - Epigenetics - Human - Mouse - Rabbit - Pig - Rat

Introduction

Probiotics are defined as “live microorganisms that, when
administered in adequate amounts, confer a health benefit on
the host” [1]. Probiotics can be delivered in various modali-
ties such as dietary supplements, food products, or drugs,
targeting individuals across the entire life spectrum. Pro-
biotics stem from various taxa including both prokaryotic
and eukaryotic microorganisms and display common and/
or strain-specific benefits such as regulation of intestinal
transit, competitive exclusion of pathogens, vitamin and
specific bioactive synthesis, intestinal barrier enhancement,
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or immunomodulation [1]. The gut ecosystem is a determi-
nant of health and a main target of probiotics administration.
Established in early life, altered dynamics in this process
are associated with disease later in life, such as asthma [2],
allergy [3], eczema [3], obesity [4, 5], and susceptibility to
infection [6]. Several probiotics have been studied for their
role in early stages of life and ability to sustain health in
mothers and children. Substantiated benefits in the context
of eczema for lactobacilli alone or in combination with Bifi-
dobacterium species administered to mothers or infants [7]
have been translated into guidelines by the World Allergy
Organization in 2015 [8]. These guidelines indicate that pro-
biotic consumption during pregnancy might be beneficial
for pregnant or breastfeeding women at high risk for hav-
ing a child who develops allergies. Additional benefits of
maternally administered probiotics include improvement of
metabolic parameters (insulin levels and insulin resistance,
very low density lipoprotein and total cholesterol concentra-
tion) in gestational diabetes mellitus (GDM) [9], reduced
rectal and vaginal Group B Streptococci colonization before
parturition (important to prevent offspring mortality caused
by Early Onset Group B Streptococcus disease) [10], and
reduced incidence of mastitis [11]. These studies are sparse
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and heterogeneous in terms of probiotics usage, vehicle,
and dosage. Because maternal exposures such as metabolic
syndrome and infection are associated with offspring out-
comes [12, 13], it is likely that offspring can also be affected
by maternal use of probiotics. In fact, maternal probiotics
administration was shown to result in temporary coloni-
zation of the offspring and/or modulation of the offspring
microbiota [14, 15].

In a recent meta-analysis, probiotic consumption dur-
ing pregnancy and/or lactation was shown to be generally
safe for pregnant mothers in terms of gastrointestinal symp-
toms, tachycardia, vaginal discharge, eczema, and headache
[16]. Only one probiotic mix containing Lacticaseibacillus
rhamnosus GR-1 and Limosilactobacillus reuteri RC-14 was
associated with an increased risk of vaginal discharge and
changes in stool consistency after consumption during the
first and second trimesters of pregnancy [17]. Direct probi-
otic administration to infants between birth and 2 years of
age has also been reported as safe. This was shown through
a systematic review that stratified the incidence of an adverse
effect according to the infant’s health condition (healthy,
low-birth weight, dermatitis, diarrhea, or formula-fed) [18].
The utilization of probiotics during these sensitive periods of
life could therefore be considered to support infant health. A
survey conducted in Canada suggests that the public already
utilizes probiotics as 50.8% of women with a child aged 2
years or younger reported giving a probiotic product to their
infant. Responses came from 413 mothers enrolled in the
Alberta Pregnancy Outcomes and Nutrition (APrON) study
in 2012 [19].

It is known that an altered maternal microbiota during
pregnancy can affect offspring microbiota establishment,
immune development, and metabolic health throughout life
[20-22]. Thus, interventions targeting the maternal micro-
biota, such as probiotics, may have the potential to program
offspring health. The purpose of this review was to examine
recent literature from pre-clinical and clinical studies on the
effects of probiotic administration started during the pre-
conception period or pregnancy on offspring outcomes.

Search Strategy and Selection Criteria

PubMed, Embase, and Cochrane Library were searched for
original research articles including pre-clinical (animal)
and clinical studies and meta-analyses over the last 5 years
(January 2017-March 2022). The search terms used were
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as follows: “probiotics”, “gestation”, “pregnancy”, “lacta-
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tion”, “pre-conception” or “preconception”, “pre-mating” or

ELINT3

“premating”, “pre-conceptional”, combined or not with “off-
spring”, “infant”, “baby” and complemented with manual
inspection of reference lists of the selected articles. Arti-

cles were selected if they included a probiotic intervention
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starting at pre-conception and/or during pregnancy and
assessed offspring outcomes. Studies of probiotics admin-
istered in combination with other ingredients were included.
We included studies using substantiated probiotics strains,
according to the Food and Agriculture Organization of the
United Nations (FAO) guidelines [23], as well as strains for
which research is ongoing, especially at the clinical stage.

Articles were screened to retrieve information about the
probiotic strains, dose, vehicle, and supplementation period
and this information is reported in tabulated form according
to the Population, Interventions, Comparisons, Outcomes
and Study designs (PICOS) elements [24] and grouped as
pre-clinical (Table 1) or clinical (Table 2) studies. Findings
are discussed according to 6 offspring outcomes identified
across the studies: (1) growth and anthropometric indices at
birth (19 articles); (2) intestinal barrier and gut health (14
articles); (3) neurodevelopment and anxiety-like behavior
(8 articles); (4) allergic diseases (12 articles); (5) metabolic
disorders (14 articles); and (6) intestinal microbiota (18
articles).

Probiotics in the Context
of the Developmental Origins of Health
and Disease

The Developmental Origins of Health and Disease (DOHaD)
paradigm is based on the principle of developmental plas-
ticity, which refers to the phenomenon by which “a given
genotype can give rise to a range of different physiological
or morphological states in response to various environmental
exposures throughout development.” The term programming
refers to a stimulus introduced at a “critical” or “sensitive”
period, which causes long-term consequences for an organ-
ism [25]. A key principle of DOHaD is the existence of
“windows of opportunity”, i.e., the prenatal stages of life
(from pre-conception to embryonic and fetal stages and
birth), infancy, and adolescence [25]. These time-sensitive
life stages of exposure lead to tissue-specific effects thought
to optimize or alter one’s biological potentials, and promote
long-term health or a disease state [26, 27]. For example,
undernutrition during pregnancy induces structure and func-
tional remodeling in the fetus preserving brain development
and prioritizing survival, negatively impacting development
of other functions such as glucose metabolism and insulin
sensitivity [26]. With time, as the evolutionary advantage of
developmental plasticity begins to decrease, an individual’s
ability to adapt to positive or negative environmental chal-
lenges becomes more limited [26]. Historically, the area of
DOHabD research has primarily focused on overnutrition
or undernutrition, linked with the manifestation of non-
communicable diseases in later life, such as obesity or diabe-
tes mellitus. Prenatal and early infancy exposures have been



539

Current Nutrition Reports (2022) 11:537-562

JUUOD
12090 Swep A [[B UI PIjdJPp urens
‘TCaNd

SSQUYOLI JO ‘AJSIATP ‘Uonisodwod
BJOIQOIOTW [BDJD UO JI3JJ3 ON
FTANd
[8s] SundsyQ ¥ sweq

[o11] passasse J0N

(Sap10.42190GDIDY *2D2ID]jIUINIY
$1210DqO21oY ‘D]1210424J
‘smppovqoovy 1 ojjadaung
a020oD.01dSOUYIDT ‘oD2IDP10421ODG
1) s1so1qs£p Qjeiorowy
:9[ewo “AJISISATP-¢J UO J09JJ0 ON
“TPaANd
K)ISIOAIP-D
| :oreway “(L-$¢S Sapppro121ovg
‘§ap104210Dg ‘D]]210424J) SISOIQSAP
paonpul-qJH lelorouy
‘TCANd
SuradsyQ
D]jo421nS Wnnovqoly *L-yzs
sa1ap10421ovg | ‘saroprorayoeg T
[c6] sureq

SpIoe AjjeJ suoqIeds
0:2C PUB O:L] ‘PIOE JIOUSIPESOOId
‘proe oro[our| ewserd | ‘sproe ey

payeInes 810} pue proe onruwed
ur 1 {sounjolko a3ueyd ou ‘3] 2dK)
-CUL | ©0gD31 T egH3] | ewseld
V31 | :eunsouy
‘FTANd
TING 10 y3rom Apoq uo 19910 ON

ure1q ay)

ul punoj SeAIe[ %06 T ‘penrwisuen

JeAle[ JO Joquunu ay) ul %7 T
“TCANd

J91p [o1u0d 03 paredwod TAH
| ‘urnsur pue osoon[3 T :oreWIo]
17T ‘[03s90Yo 8103 T
“CPaNd
TAH T PN
17T ‘[03s90Yo 8303 T
‘TCaANd
TPANd [Dun 3ystom £poq

YIANd-1dD
o3eAES £q £ep/NdD (01 X |

9ILS1DdD
WNJUULIAY SNJJ10DGOIID]ISOUIT

1ZANd—Sunew 210§9q SYam 7

Pa9j ur pappe ‘Aep/NAD L01X1
SyL1

INDND Hpip]noq s228uovyoong

[ZANJ-Sunew 210Jaq SyooMm 9

a3eAes Aq Aep/N.dD (01 XT
60€8INA snjydoutiayy
§1220203d2.41§ ‘17 18INC 125D
snpoDq1asI13IVT ‘70 SINA
snjydop1ov snjj1ovqoidvT

‘01€8INQ 2424 wmi12190qopifig

(orewrdy pue orewn)
dnoi3/gy=u
Surdsgo

dnoi3/9=u

swe(

sonorqoxd F sjer JeIsipp

(orewrdy pue orewr)
dnoi3/g9-z9=u
SurxdsgQ
dnoig/g=u
sweq
10D UO S1UDD DADIOXO]
M pare[noout ‘sonoiqoid F oot ssimg

(erewrdy pue orewr) dnoi3/gc—,z=u
SurxdsgQo
dnoi3/g1-6=u
swe(
sonorqoxd F
uondoouooaxd dours jou
10 QJH © SuIA122I 901 [ 9/19LSD AdS

Louvudasd Suring

uondJuI AyIsere

SIIPIOSIP II[OQEBIIA

fouvudard ato0fog

Sundsyo
Joy pue SWep Ul BJOIqOIOTW NS UO J09JH

(Jonuod
0} paredwod) sawooino Juridsjo

Auin) ‘9[OIYA “9SOp 0OnoIqoid

[opouw [eWIUE ‘UOTIPUO))

sowoo)no Suridsjjo uo uone)sas SuLnp o 210joq Suniels uonensiurwpe drjoiqoid Sunen[ead saIpnis [eoTUIO-a1d | d|qel

pringer

a's



Current Nutrition Reports (2022) 11:537-562

540

(WnayL) wWnLLIIPqoOLSYy
pue wumniia1onqaudio)|
{(wnunfaf) pynp)g pue
4210DQOLYILS J “OLIGIA ‘SMIQOSSDIDY ],
SNI200DAD “WINIPLISO])
‘CSHINS “21o0qio1n], | :sonolquikg
(wmary) pruvpiOD pue
SDUOWI0D]() “A2ISIDI(] “ADIODGOLYINS ]
JO ouepUNqE dANR[AI | :SO101qoId
KJISIOATP-D
U0 9] OU ‘AJISISAIP-¢ U0 1o
‘S9aNd
lozl 3urdsgo
(wnun(af)
SNJJIODGOIVT “WNLIIIPGOPLIG
‘59J0PI0IR)OBY ‘SANOIULIL] |, :SINOIQUAS
uojoo
Jo winunlaf ur snpj1opqoIdVT ‘A1
A21SN]D WNIPLIISO])) “SIP10421ODG
‘eL19)oBq [£10) JO 93UBYD ON "UO[0D
pue wnunfaf oyy ur wniia1o0qopifig
pue wnunfaf ay3 ur aduepunge
JATIE[AI $9JOPI0IdORY | :S0101qO1d
8SANd
[69] SuladsyQ
AKemyjed wsTjoqeiow [BIQOIOTW
Jewrein[3- pue durweln3-q
Ay | {100 DD 2vaovjjar0aald
‘900 DN 2vaonaidsouyovy
1210DqIIOPL0D) | ‘DIja121nsving
‘100 DDN2vaovadsouyovy
‘vpja1sogng T ‘KnsIoaIp-g ur a3uey)
“CvdNd
KJISIOAIP-D 10
douepunqe vpydinaonus "y uo 19912 ON
SuradsgO
WNIPLIISOIIIUIUNY

Sty sy

[eaT | ‘W3] “0-uorayIot ‘g1~
reunfof | “y31 ewserd | :sonoiquig

oner yydop 1dA1o
AYS1ey sny[ia Sty snyfra reunfal |

(V3Is |

1Nl (SIS “O-U0IIANUI ‘0TI

| mwmunfor ¢y31 | ‘suonenuaouod

Sd1pue -1 T :ewsel) asuodsar
Qunurwt aaoxdwy :$o101q01J
S9dNd

SpAysp[eIpUO[BUI JTUO[0D

1 ‘uojoo ur senoedes jueprxonue

©10} | ‘wnunfof ur souas pajefar

-[ELIPUIOYOO)IUI PUE JUBPIXOTIUR

JO S[OA9] VNJW PUB SANIALIOR

XdO ‘euonpein3 | ‘ewserd ur
SoNIANOE (JOS PUE VD | :sonoiquig

ewise[d ur suoneNuUIdU0d ZOZH

pue apAyoprerpuofewr T {U0[0d

pue ‘wnunfof ‘ewserd ur sanIAnIoR
dOS pue Xd9 ‘LvD | :sono1qoig
dNd

8CANd— 1D

(P97 /3 00S) SOPLIEYOOLSOTI[O
-0[AX + XTw dono1qoid :o101quAg
P99J UT Pappe ‘paso[osIpun 3so(

11d

aD1S102420 $20(U104DY2IDS ‘06
winipup)d snjjonquup)diovT XA

8CANd-1dD

(P29 /3 00S) SPLIBYOOBSOTI[O
-0[AX + xTwr 9n301qoi1d :0noIquUAS
P99J Ul Pappe ‘Paso[osIpun S0

Id

V15142420 S22LUWO0ADYIIDS ‘06T
wnapup]d snjopquup]diovy XA

(erewdy pue opewr) dnoid/g =u

SurxdsgQ

dnoi3/91 =u

sure(q

SO10IqUAS 10 $o1101q01d F SMOS-TUTW Bweg

(erewrgy pue orewr) dnoi3/g =u

SurdsgQ

dnoi3/91 =u

swre(q

SO10IqUAS JO $91101q0Id F SMOS-TUT By

‘100-DDN 2raovaidsouyov| (oreway
200-DD() 2P29p112190q01L0)) T 12aNd pue orew) jurod own/dnois/g—-g=u
‘1~ snoo020ununy ‘vpydiuronut “y | —€ANd ‘yM1q 210joq sAep ¢—1dD Sundsyo
TZaNd Juowdo[oAaap anssn a8eaes £q Kep/ndD OT—0T X1 dnoi3/g1 =u
Koueu3oxd Sunmp 10910 ON  [eUnNsAUI JO JYS1om Apoq Uuo 10919 ON (6€8-VvVd DOLV) swe(
[86] swreq “CPdNd U] AN Dprydiutonue piIsupuLyyy sonorqoxd + o1 9/ TgLED AdS
Sundsyo (fonuos

Joy pue swep Ul BJOIqOIdIW IS Uo 1091q

0} paredwod) sawooino Juridsjo

AU ‘A[OIYAA “9SOp OnoIqoid

[opou [eWIUE ‘UOTIPUO))

(ponunuoo) | sjqey

b
)
)
5
et
|9
A
&l



541

Current Nutrition Reports (2022) 11:537-562

[¢9] Passasse JON

[LL] passasse 10N
WNUIPONP UI §1]]10DGOIIV]
PUR ‘su24]0os1qy orqiarling
CAIX A21SN]D WNIPLIISO]) ¢

Al 421S1]0 wnipriisor) | :9sop mo|

UO[0D UT BATX 42JSM]0 wnip1iiso]) |
QUNSAIUL [[BUIS UL SUIAJOSLIGL
0LIqIALICING PUB “RATX L2ISN]D
WNIPLISO]) ‘AT 421SN]O WNIPLISO])
| ‘wnuz10nqopifig 29 snyjovqorovy

quoz [eroydrrad o) woiy 19ud dy)
yoear oy Aouajey oy jo uonzodoxd 1
‘I9JUQD AU} UI PI[[OARI) QOURISIP oY)
PUE J2JUdd ) Ul Juads SoLnua /o)
oy jo uoniodoid | :3593 proy uadQ
‘SOT-00TANd % 0¥-S€dNd
‘swre uado ay ur oy
Jo uonzodoxd | :ozew snd payeasrg
‘07-SEaNd
199JJ2 KJoIXURNUY
SOI-00TANd
[Dun [N woiy 1ySrom Apoq T
SuruIe9] pajeIoosse
ano ur awn 3u1zadr] T :sorewo
s101ARYaq oYI[-Ajorxuy T
SR QT
s1oquunu [[99
Joyuago1d TeInau ONOJTW | (SOTEW]
arerd 1eonI00
AU} U S[ISSIA POO[q JO ANISUIP )
| “(erewr ur suoanau Jurssardxa
-Zqyes ‘suoinau urssardxo-11q])
SuOINAU (11100 Jo AJISUap Ay |
‘TANd

Hm ur EOMmmDHQxO O>Em~0u P41L
pue ‘TA'LL ‘88AAIN | "wnusponp
ur <MHm H MEOMOO pue wnaJr ur
A-NAT pue 0-IN.L ‘9-TI T :9s0p yS1H
IS U YNy
UIpN[00 PuE ‘uIpnep ‘1-07 |
Kanoe 1D pue
XdD ‘qOs 2empow ‘yydop 1dL1o 7

ccan—¢raon
107eM SUDULIP U [W/ID (0T X |
QSN $71o1124]2Y SNIJ1ODGOIODT

IANd-S'01aD
107eM SUDULIP UI [W/()1D (01 XS
$1JOD] $12202010D°]

(3unidsyjo)
€9ANd-SEANJ ‘SEANd-1AD

(orewdy) yurod owmyydnoi3p1—11=u
(orewr) jyurod owmy/dnoiS/p1—g1 =u
Suradsgo

dnoi3/c—=u

swe(q

sonorqoid F syer Aoime(q oneids 4dS

(srewsy) dnoig/z—o1=u
(erewr) dnoi3/Q1—g=u
SurxdsgQ

paso[asIpun

swe(

sonorqoid F oot [ 9/ 7LD

(orewrey pue orewr) dnois/og =u

| sonomunty | ‘oouepunqe  pue qmSUS[ 1{IA IS | (IS Ul Aianoe a9y ut (asop ys1y) 5/NAD 01 X T Sundsgo
BLID)ORQ [€10) | :9SOp J[ppIw pue Y3y ursdAnowAyd pue asejAwre-o | ‘(asop 9[pprwr) /04D 01X 1 dnoi3/gz=u
3099 Juapuadop asog TOaNd ‘(3sop mO[) 3/NAD (01 X 1 swe(q
TOaNd ure3 1yStom Aqrep o3eroae | 680L10C sonjorqoxd
[66] :Budsyo BTANd 9V DDLID wnoiing wmplyso]y — 9sop YSIy/d[ppru/ mo[ FIIQQeI Xy YA
Sundsyo (fonuoo

Joy pue swep Ul BJOIqOIdIW I3 Uo 1091

0} paredwod) sawooino Juridsjo

AU ‘A[OIYAA “9SOp OnoIqoid

[opou [eWIUE ‘UOTIPUO))

(ponunuoo) | sjqey

pringer

A's



Current Nutrition Reports (2022) 11:537-562

542

“ds snjjong 1103
29 TOTE-D SHHuqns snjjrovg 12594 |

‘STANd
SuradsgO

“ds snj[ioeq [e103
29 TO1E-0 SHuqns snjjovg 1es24 |

smos pajuowra[ddns
onoiqoid woij utoq s3o[31d ur Jy3rop T
“TrdNd

(3uridsyyo)
TPANd—6TANd ‘6 TANd—0£dD
(Bunidsgo ‘SOIN) so101qaId

P9y Jo 8/nAD (Surdsgo) 01X ¢

(oreway
pue orewr) dnoig/suad g1—871 ‘uad/g—=u
Surdsgo
dnoi3/S1—1
swre(q
(u31sap jo1d-111ds)

BTANd STTd a IMOI3 [[BIA0  “(UOTIBIOR) 40T X T “(UODEISAT) (O] X G sonolquAs F Suridsyo ‘sonorqoid
[111] sure(q U0 JUSW)EAN) AI9SINU JO 1099 ON 201 E-D s1uqns snjjong F SMOS QITYSYIOX X Q0BIPUE T
pLI21OVgOPIIg
‘DISUPULIYYY ‘D]jajoaasd T 101daoar oufinqourwre-A
wn112100qopifig pue 10308} o1ydonoInau paALIop
BATX Wniprigso]) | ‘Kisioarp-g -ure1q | ‘S[oA9[ LH-G wnias pue
joedwr ‘AJISIOATP-D UO JO3JJQ ON|  UOJ0D T ¢S[QAQ[ urjoid pue YN YW
(e SYOoM T I0)10dSURI) UTUOJOIAS ‘UOTJBATIOR
(wstjoqejowr 10ydooa1 10308] YImoi3 Tereyiide
T1Aydoioryo pue uiAydiod uo[od | ‘IorAeyaq YI[-A1o1XUR
pue K[quuosse refjoSey ‘surojord 1T ‘Suonenuasuod YiJS 1899 |
Aymouwr) skemyjed [erroioeq T T(SoreW) SYooMm $1 (erewrsy) dnoid/g1—Q1 =u
sadsny “42190q1111950 (¢-urpnepd ‘1-O7) uorssaidxa (erewr) dnoi3/91—11=u
“401o04fiuoan] g “1219vqodnay  surejoid uonoun( 1y3In ‘UonENUAIYIP (Suridsyo) SuridsgQ
T ‘vrsuputyyy | ‘KNsIoATp-¢ pue uonexajrjoxd [0 ‘pdop 1dK1o SANd—TANd ‘UMIG-81aD pasofostpup)
joedwr ‘AJISIOATP-D UO J03JJ2 ON SIUO[0d ‘YISUS[ SNI[IA [eunsaju] | pady ut (Sutidsyo) Aep/NdD 01X 1 swe(
‘TedNd TCANd ~ ‘eSeaes Aq (swep) Aep/NAD (01 X 1 onorqoxd
[29] Sundsyo 8T ‘1T ‘¥1 ‘LAN Y& M4 | DD snsounvy.s SHIIODGIISVIYID] PoxYy 10 d1101qo1d + 991U [ 9/ THLSD
sisuauoutr sadysiyy ‘A21o0qoo1ja
SN22000UIUNY “DIYINLIYIST
42100q1250 T vy diuionuu
DISUDWLIIYYY “WN1L2]ODqOPIIg
‘D]]aL2INSDAD ‘SH]J19DqOIOVT |
paurejuTew AJISISATP-¢ UO 109
‘SUow g
(yV wn12100q avaova1dsouyovy uorssardxe xJon
PUE “Wnnonqiypoan.g “121onqriopQ ‘uorssaxdxe YNYW Z % 1 dOS |
§1220004d0)) ‘s122000UNUNY]) uorssardxa urajord
eLI9)oeq Suronpoid-y DS pue ¢-urpne[) pue [-Q7Z | ‘uorssardxa (3uridsyo) (ereway) jutod owmy/dnoid/p—¢ =u
pjuydiunu ISUPULIYPY | VNYJW UIpnooQ pue ‘[-uipne[y SANd-TANd ‘UM1q-81dD (erew) yurod ownydnois/p—¢ =u
{K1S10ATP-¢ 10edWI ‘AJISIOAIP-D UO ‘I-OZ ‘S[199 19[q03 | :Suowr g P9y SuradsgQ
joedwr ou {$909J UT Pa)dI)op UTRNS ¢{(uoj0o ‘wnaqt ‘wnunfaf) ur (Surdsyo) Kep/n.dD 01 X1 dnoi3/g=u
TCANd  1yStey snpia ‘yidop 1dA | TZAND  “98eAeS Aq (swep) Aep/NdD (01 X 1 swe(
[6S] SuradsyQ Jy3rom Apoq uo joedwr oN 00 snsouwvyd snjjovq1aspa1or7  dnoiqoid paxy 1o onoiqoid + 01w 9/ TGLSD
Sundsyo (fonuos

Joy pue swep Ul BJOIqOIdIW IS Uo 1091q

0} paredwod) sawooino Juridsjo

AU ‘A[OIYAA “9SOp OnoIqoid

[opou [eWIUE ‘UOTIPUO))

(ponunuoo) | sjqey

b
)
)
5
et
|9
A
&l



543

Current Nutrition Reports (2022) 11:537-562

[89]

(L]

(191

[09]

[z11]

$19[81d 07/91 UI PIo21dp Ureng
‘9CANd
syo131d
0T/Z1 JO S999] 2y} Ul PAJo)IP ulens
‘ETANd
SuradsyQ
$909J Ul P2JoA)IP Urens
swe(

Passasse J0N
douBpUNQR JANR[AI
§1220001d2.41§ “e119)0BqOUNIY
‘e119108q09101d T ‘99 €10-DDN
TID2ODID0O0UIUNY “D142IIDGOPIOY
‘sa1appuowyPUIUIL) | ‘KISISATP-D T

011Tdd
swe(q

syt T ZANd

Al 42181]2 winipriso)) |

CIIan

1d+4d-Sd
BLI2IORQ [€10) IO 1709 DIYOLIAYIST

“dds wn1i2100qopifig uo 1099 ON
CIT-00Td

swe(

passasse JON

eare pue ydop
1dA10 | swumunlop ypdap 1dA1o
‘eaIe pue YISU9[ SnJ[IA | :wnuapon
‘PEAN
Stem Apoq |
‘9CTANd SOTANd
Jy3rom Apoq uo 309JJ9 ON
‘TZANd
s30131d o ut syorarerd
pue ‘sajkooydwA] ‘s91K00)na[
‘oreakingAxoIpAy-g-q pue ‘goDd
‘+ BN JO UOTEIUIOUOD WNIAS |
‘@ouaprour eayrrer T
‘YCANd
8CANd
[Dun /ANd wody 1yStom Apoq |
Surueom 210J2q syjeap Jo roquinN 1

sure3
JY31om IoNI[ pue sYSIom NIy |
‘TCaANd
UOTEIIUIOUOD [0ST)I0D Wniog T
‘PTANd
M4 T rozis zonn |

s39131d

paueam jo roquinu | g+ V-Sgq
Surueom Je ured

A[rep o3e1oAe pue JySrom a3eroay |

‘TZANd

SILIJUI0ISES

Jo uonejudsaid Js1y Uo SINSAX
10119q pey uonejuaweddns Yoam-
snLvyueonses jo aoudprouy T
SYOOR G

s1ojowered
IONI] 10 1YSIoM Y}IIq UO 109JJ9 ON

(3unidsyjo)
¥SANA—9ZANJ ‘9ZANd—001AD
pady ut (Suridsyo) Kep/NAD (01X T
‘(uonyeyoey) Kep/NAD ;01 XT'1
‘(uoneysas) Kep/NAD 01X ¥
88SLIM SIuIpmny Snjjong

8CANd—06dD
(19od eAeded pue
‘eueueq ‘ojddesurd) aomn( pojusurigy
ur ‘Kep/NAD ;01 X 1

OINVD wnivyupyd snjjovquupidyovy

[ZANd—06dD
Po9J JO 3Y/NAD (0T X ¥
9dd syuqns snjjovg
IZANd—$8AD
P9F JO 3Y/N1AD (0T X ¥ JO T8I0,
(19+49-S9D
StuLOfiuayol] snIong +g
siuqns snjjong 10 (14 +V-S4)
wwsxakwﬁmﬁ.ﬁ snjovg +V syyagns
snjjovg (d+v-S9) d siuqns
SO+ SHUGNS SNV SOXTA
MIG-95 10 GEqD
(Mg Jo 3 01/3w 98 :SON
B 01/3w 08 :SO:) son0IqaId
s391qe) Ut ‘Aeanoadsar ‘pvg jo
SY01/NAD (01 X €0'T PUB (0T X 9€'E
6¢SY LOFD

snjnydop1ov snjj1ovqo1VT ‘9901
INSA Wn12anf sn2202042JuU5 XIN

(erewy pue opewr) dnoi/9—1 =u
Suradsgo
dnoi3/gy=u
sweq

(u31sop jord-yds)

sonoiqoid F Suridsyjo <sonorqoid
F SMOS Q0BIPURT X YA\ 951

(srgoxd TeorSororeway 10§ dnoid
/G =1U ‘9[EWJ PUE 9[EW) PISO[OSIpUN = U
SurdsgQ
dnoi3/g1 =u
sweq
sono1qoid F smos urenorq

(S[ewrd) pue orewn) swep/g] =u
Suradsgo
dnoi3/91 =u
swe(
sonjorqoxd
F SMOS QIIYSYIOL X doRIpURT]

(9[eW) pUR d[eW) PISO[ISIpUN = U
SurxdsgQ

dnoi3/gz=u

sue(

so1301qoxd F SMOS AIYAN 95T

(orewrdy pue orewr)
dnoi3;zg—oc=u
SurxdsgO
dnoiS/g=u
sweq

(95ao 10 sean

Je PoYIE]S) SONOIqUAS F SoUdIIg duB(] 18910

Sundsyo

Joy pue swep Ul BJOIqOIdIW I3 Uo 1091

(Jonuod
0} paredwod) sawooino Juridsjo

AU ‘A[OIYAA “9SOp OnoIqoid

[opou [eWIUE ‘UOTIPUO))

(ponunuoo) | sjqey

pringer

A's



Current Nutrition Reports (2022) 11:537-562

544

4219DqO212] ‘D]121SqILY
‘vpj21002.4doqpy 1 :surens yog

{SND2000421U7 “D]JISIYS™ DIYOLIIYIST
| ‘Kistearp-o 1T :007T

SDISUDULIZYYY PUR SN]]10DqOIODT
‘BLIQJOBQOUNDY | QU Matnad ]

sapou ydwA orrayuasaw ur

S[[92 s321L + €dXod + STAD +¥AD
uonodoxd | ‘g3T T :1HQuUA 121ma4

‘I~ pue -1 T “(uonenyyur

[rydoursos ‘1[0 jsewr ‘Furjoms

(3urnidsyo)
8TANJ-TZANJ ‘1ZANd—¥1dD
a3eAes Aq Aep/NdD (01X 1

(oreW) pue dreWw)
dnoi3/g=u
Suradsgo
dnoi3g=u
sue(

(Tzand

RZANd  upys) swoydwiAs Qv 1 :surens yiog OO SuSouwnyd Snjjonqiasniony ‘uridsjo) jou 10 0D UM paonpul qy
[zs] Surdsyo JTAN 10 [HQU] 121naL SNjjIODqoIID]ISOUlI] sonorqoid F oot o/gIvVg
(erewgy pue opewr) dnoig/1z—9=u
Suradsgo
§1]7190q01OVT uorssaidxo paso[asipun)
1 29 wnL21onqoIPYa(I Qua3 oegonjA pue ‘c1-T1 ‘-1 1 sweq
‘sn200201da41§ ‘vjjowan | ‘uononpoid snonw T {uoneWIWERHUI sono1qoid F (uoneznIsuos
uontodoid saynorug 1 Suny o1319[e T ‘pIny oeAr] 12ANd—1do UINQG[BAO) [9POW BUWIYISE [BIRUOIN
OEANd  Te[oeaeotouoIq oy ur sirydoursor T Pod ut Kep/NAD (OT X T (emsodxa uonnyrod 1te) 81 ‘91 ‘F1AD
(18] Surdsyo ‘0cdNd 9I-IN 242.4q wnii219pqopyfig 10 SEd 10 YAOY 01 pasodxa so1wr o/g TV
saseasip didoyy
(ej01qOIOTW 10]
10000042JU5] onel pady:uresd pue ured dnoi3/¢ =u ‘oreway pue orewr) dnoid/gs=u
pue snjj1opqoovT 1899 | ‘STAN A[rep o3e1oae ‘JySrom Jurueop | 12ANd-101dD SurxdsgO
SIUNOD 1J02 DIYOLI2YISH T TZaNd (esop dnoi3/c=u
“120000.421U7] PUR SNJJ10DQOIOVT T8I | 91008 eoyLIRI( T -Y31Y) pady Jo 3Y/NAD 01 X¥'S swe(
‘TedNd ZAaNd  ‘(dnois asop-moy) 33/NAD ,01X LT sonorqoxd
[12] SundsyQo Kyreyrow Surueam-a1d 3o131d 1 YE1 L INSA Wn1oanf sn22000421u57y  ISOP-YSIY/MO[ F SMOS IYSYIOL X 0BIpPURT]
Sundsyo (fonuos
Joy pue swep ur BIOIqoIorw g uo 109q 01 paredwoo) sawoono Jurdsyo W) “9[OIYA “@S0p O10IqoIJ [epoW [eWIUE ‘UOTIPUOD)

(ponunuoo) | sjqey

b
)
)
5
et
|9
A
&l



545

Current Nutrition Reports (2022) 11:537-562

S[PA9] [-dOIN
Jo | paonpur-g [-J U0 19912 ON
‘YCANd
(uorssardxa ZON |) juawdorarap
1199 1031103 01d 91K501pUSpO3IO PUL
(uorssaxdxo JUAS pue “TIN ‘NNoN
1) Juswdoreasp Teuomou ojowoIg
QFewrep xyew
JIe[N][20BNXa PUB JUSUNINIOAI 9)e[n3ar
‘uorssardxa urpnyoo0 pue Aypiqesurrod
JOLLIeQ-UTRIq—POO[q AZI[euIou
*g1-TPue “T-dON DN ‘9T
JO S[oAQ] OTwR)sAS paonpul-g -1 T

pasof[aosipun
1ZANd—91dD
yoea Kep/NAD (0T X
L69ST DOLV suuvfu
wn2120qopyfig “bySes DOLV
hSE&QﬁEQB $njonqoIovTT XA

(Kep 10130
A10A9) TZANA—LANJ ‘W92 1AD
ageaes Aq [w/NAD (0T X T
(1€6¥ ‘€06¥ ‘1061 surens)
nuosuyol snjjovqoorT 1o (Wo-86.9
pue ‘wil-g6/9 ‘1-86L9 suremns)
Moinad m:ﬁ.@t&oﬁugmhbswd ”mox:\é

(erewrsy pue orewr) jutod swny/dnoid/g—¢ =u
Suradsgo
dnoi8/9—¢=u
swre(q

(8T pue ¥TANd) UoneWUIRPUL
orw)sAs Terewmsod paonpur g1-71
‘sonjotqoxd F ao1ur [ 9/TLSD AdS

(pasojostpun ejo1qoIoTW JZIs opdures
—sso] JyS1om ‘orewrdy) dnoi3/9r—g1 =u
(eyo1qoIoTIt “orRWr) dnoid/y =u
SurxdsgQ
dnoi8/z=u
swe(q
0LANJ e uohewiwreyjut pasnput SSA
‘sonotqord F o1 9/ 1gLSD

uoneUIWRHU]

[er1] Passasse 10N PTANd
SNUA3 paIo)[e J[ewo
Uo JO3JJ9 ou ‘@duepunge sadusiyy T
‘0LANd ‘ma21maa
SOTRIN
wWNLI21OPqopLYig pue ‘UWNnoDqLIN
‘sn]J1opqoovT | ‘soproidoeqg
UWNIPLISOIIIUNUNY D]]24IINSDAD]
DISUDULIDYYY “WNIpLiISO]o0uyonT T
‘0LANd ‘121maa
sdouepunqe
D]]24222K] pUe ‘WNINIDGLIN
UWMIPLIISO]O0UYOIDT PIIA[E
‘KISIOATP-¢ UO 109330 JurOYIUIIS
‘0EaNd
QOUBPUNQR WNIPLIISO]ITUTUNY
pue wnnonqLnpy pAIAY
‘TZANd ‘surens qiog SoTRWIS)
sorewd Ul ssof JySom §S-isod 1 :narmas 7
[eecL] Surdsyo 9LANd
Sundsyo (fonuoo

Joy pue swep Ul BJOIqOIdIW I3 Uo 1091 0 paredwoo) sowooino Juridsyo

AU ‘A[OIYAA “9SOp OnoIqoid

[opou [eWIUE ‘UOTIPUO))

(ponunuoo) | sjqey

pringer

a's



Current Nutrition Reports (2022) 11:537-562

546

snqp
$N22000UIUNY ‘SISUIGID D]]210AL]
‘vhq3uljoday ‘snjrydnyvyry
1 “sua1onfip1ov sap1o42100g
‘vuispjdajoyoy ‘snjjonqoovy

| :dnoi13 gH 01 paredwo)
OIjeI SAINOTWLIL]/BLId}OBGOUNIY
‘D]]210424J [SIP10421ODG
‘Sop10.4210Dg
‘euR)orqounoy T ‘vpydiuionu
DISUDULIDYYY PUR SIPL04210DGDID]

| :Jonuos 0} paredwo)

SR T

[s6] Suridsyo

dnoi3 ja1p [onuod ur "dds

wni23onqoplfig | pue ‘q4H pue
ronuod ur “dds snjjronqoiony 1ed9 |

81310 Jo uorssaidxe YN YW [euax

1 ‘sjonao] ewuserd oye100e T "Syoam 7]

01 9 wouy anssaid poojq o1[0IsAs

1 :uorsudradAy paonpur-JH
SJUARIJ ‘WYSTom Apoq Uo 303JJ2 ON
SYOM T

Q4H Pu® [01U0d U 9-]
IOAT] S[ewd) | (892-A1Z Pue SO0

Sew pue gSOAV ‘€gMAd ‘ANAD)
uorssardxa

I030€] o1rydonoInau paALIop-urelq |
‘CITANd
{JH PUe [01JUO0D U 91e)9R]
ureiq pue ‘ayerking ‘oyeuordord n3 |
JoTABYQq
AI-K19TXUR PAONPUI-(JIH IUSAI]
‘CTTANd ® TZANd
so[ewr ur g 1-[ J9AI] pue
‘PY1L 1AL T ‘QAH PUe [00U0O Ul
uorssaxdxe x90)109 [eyuoiyard 9-g |
(19990 pue dAS 2w ‘gGZNNTO

Srewsy ‘e Ad ‘VINN'TO) sdnoid
{dAH pue [o1uod ur uoissardxa

SouQ3 9Je[NPOW PUB J[BWRJ UI

OTNNTD Jo | paonpul-qJH

paioysar :Kyonserd ondeuks ur
paAjoAul duag Jo uoIssaIdxo paioje

[CANd-1dD

ogeaed £q Aep/NdD (01 XT
125D SNJJIODQIISDINIDT

[CANd—S0dD
101eM

Sunjunp ur /gD ,01 X JO [EI0L,
w199
@ONXd snydoutiayy snoo20201daig
‘W19 ONXd $#ov] dss syov)
§1220201007 ‘w1 LS ®NXd
SHLDAYDS SN]JIOPQOIIVISIT ‘W1Sh
@NXd $71o124]2Y SNJ[IODGOIIV]
‘wirS ®NXd snsouwviy.a
SHODQISLOUIVT ‘Wi Ly ONXd
wnaniuv]d snpovquuvidiovy
‘WiLE @NXJ 125D $112202010D]
‘Wi6€ ONXd $1oLDSINg
“dss 1y0an.1q)ap snjjovqoIdvT
‘wiSE ONXd snjiydopion
SH]1120qoIVT ‘w0 ONXd Wnsuoj
wn12100qopiig ‘wil7 ®@NXd
syunful wink210qopYIg ‘w, ST
@ONXd 24249 wni12190qopYig ‘wi€T

(orewr) dnoi3/g—, =u
Surdsgo
dnoi3/g=u
swe(q
sonorqoid +‘1ZANJ [Dun [q9H woij jou
10 191p JH SurA10031 sje1 A9[me(T ondeidg

(erewray) jurtod owmy/dnoid/y1—¢=u
(orewn) jurod owmy/dnoi3/g1—r =u
SuradsgO
dnoi3/p=u
sure(q

sonolqoid F ‘[ zdNd [pun Sunew 210joq

TZANd “ySom Apoq o[ew pue d[ewd | @NXd wnpifiq wniia1onvqopifig SYooM g Pa}Ie)s J0U IO (JIH & SUTAIe0aI
[ee6L] sweq ‘TCANd ‘@ITONXA S11qns snjovg XA o §OI [-dD
£15990
Sundsyo (fonuos

Joy pue swep Ul BJOIqOIdIW IS Uo 1091q

0} paredwod) sawooino Juridsjo

AU ‘A[OIYAA “9SOp OnoIqoid

[opou [eWIUE ‘UOTIPUO))

(ponunuoo) | sjqey

b
)
)
5
et
|9
A
&l



547

Current Nutrition Reports (2022) 11:537-562

pringer

1 SUSPN[I0 B[NUOZ [-()Z ‘931J-UaT
-oyjed oy1oads 74§ ‘esenwsip apixoradns (O ‘Qunsaiul [[eUWIS 7§ ‘SpPIoe AR} Ureyo-1Ioys y,/DS ‘Yse A [10 [enpisal Y7y ‘Aep [erewysod GNJ ‘7 Uonw )/ ‘SopLIBydoeSOII[o-UeuuBW SON
‘soprreydoesAjododi] §47 ‘urarordodr] A3rsuap-mol 777 ‘UD[NI[IAUI 77 ‘UI[ngo[Sounwur §7 ‘[0I)Sa[0Y-Y3IY pue 1BJ-Ysy DHJH I91p 18J-Y3y q4H ‘@s01oniy-ysy 4 ‘uraordodr) Ayrsuap-ysiy 4l
Tl ‘oseprxoiad auoryiein|S xgo ‘Aep [euonelsas (75 ‘S9pLIRYOIBSOSI[0-010n1) SO ‘Siun Sururioy AUojod /)4 ‘dseered ) “WySom yuIq Mg ‘xepul ssew Apoq jpyg ‘suneurtop oidoje qy

S

(Suridsyo)
89ANd-TZNAd ‘TZANd—LAD
Iojem
Supyurip ut Aep/N4D ;01 X 1 JO [BI0L,

snovqoIdYT ‘800-DDN 0ELS snjydoutiay (ereway) dno13/g[-9=u
TaD22D22020UIUNY ‘01IGIA0IIDUY snduwreocoddry $1220001d2.41 ‘QTHRT SNsouwny.4 SuridsgQo
1 ‘sap1o4210vg ‘winiia1ovqopLfig QU} UI [0AQ] COW/TIECH WUSAS  sMjJ100q1aspandvy ‘710d 1 12svovind dnoiS/gc=u
1210pqod1a | "er1ooeqoundy  onoudSido oY) pue S[OAJ] 9-T[ 10ISY SnIOPQIasPINIVT ‘CFHT swe(

‘B110)08q09)01J ‘OTJeI S9JOpIoIa)deyg JOAONd $N1I2A)2Y SNJJ19DQOIIVT ‘97T sonjorqoxd
/SOINOTULIL ‘AIISIOAIP-D I0)SY saurds reduresoddry jo ssof pue WNJUIULIDJ SN]JIODQOIIV]ISOUITT F ([opow uonounjsAp Aroww)

'JONd  Juownredwir AJOWSW Po[-ped] PasIoady  ‘€901V 1 snjydopiov snypovgopory  9oyLides Sutidspjo [nun Sunew Iojje Joom
[00T1] SurdsyQo BOANd ¥ CCANd ‘986 1d wnduoj winiia1o0qopifig XN Quo pe9[ 0} pasodxa syer Aoyme( anJerdg
(oW} pue JreU)
dnoi3/g1=u
Surdsgo
BIE [8011100 A Ul dFewep urerq T dnoi3/g=u
uorssardxe YNYW ANAH PHI-1dD swre(q

urelq paAoIdur ‘S[oA9] 9581098 ageae3 Aq [w/NAD (01 X ¥ JO [BI0L, sonorqoid F (uonewweguIoInau)

-B19q pUEB 9SBIQIDS-BWWES ‘YN YW 10q 10 ‘17S6T LTdD uo
PUE S[oAQ] ddV UTeIq paaoxduuy DOLV wmpifiq g 10 ‘THL1T  (33/31 001) ST Jo uondafur [esuoyrredenur
[F11] Passasse J0N TANd  DOLV SnupAIps snjjonqoonsry SUIAI9021 SJRI OUIq[Y JBISIA

ISEBISIP IANLIIUIFIPOININ

(sn220204d0)) pue ‘vaioq ‘vunvlg (orewr) dnoi3/Q1—-g=u
SN22020UIUNY ) IV2IDAIdSOUYODT | SurxdsgQ
SISOIqSAp dnoi3/c=u
paonpur erwopidisAp uo 199359 oN 9JI[ J9Je[ UI UONOUN] JB[NOSBA sure(q

K1S10ATP-¢ pazoaoda1 pue amssaxd poorq T 12-2ANd ‘PI9-1ao sonjorqoxd

10U Inq AYISIOAIP-D 2I0ISAY 06Nd ) 0£ANd a3eaes Aq Kep/NAD (OT X T F 12ANd Dun 1o
[v6] swre(q woly Y3uel pue JyStom Apoq T M wnuvuv)d snjjronqupidiony WOl Jou 10 191p DHAH SUIAIOOAI Sel JeISIA

§n]100q01ovT 1 Y} SUdAAIJ
TYSR 9T uorssardxa 20y
soroads $17190q010DT [€IOAJS VNYW [eua1 T ‘O1jel UOISIOAUOD

pue soouepunqe visubuLYYy — OVINL-0-VINA 4 ‘VINI-0-OVIAL (orewr) dnoi3/g =u
‘snpydipypy T poonpur pue S[oAS] QVIALL wsed T ‘Toao] Sundsgo
191p-JH Y3 Ul ‘ANSIOAIP-¢ 1O Jreuordoid [809) 1 ‘syoom 91 0} dnoi3/g=u
-D U0 19§92 ON :(JH 03 paredwo) g woij 2assaid poo[q o1joisAs 1 1ZaANd-1dD swe(q

TYOORE ‘M U0 199JJ0 ON ‘(I{H 03 pareduo) a3eaes Aq Kep/NAD (0T XT sonorqord F [ZANd [Hun [0 woy
[96] SuradsyQ SYOR 9T 125D SNJJ19DQ12sPI1ODT 10U IO (JIH JUIATOIAI sjer Ao[me( onJeidg

Sundsyo (fonuod
Joy pue SWEP UI BIOIGOIOTW NS UO J03JH 01 paredwoo) sowooino Surdsyo o ‘9OIYoA ‘S0P ‘O10IqOIJ [oPOW [eWIUE ‘UONIPUO))

(ponunuoo) | sjqey



Current Nutrition Reports (2022) 11:537-562

548

S[[99 ZZYL Ul uononpal oy} ySnoiyy

pajerpaw Aqrenaed j09y9 onoiqoid

LTYL ‘6L ‘TUL ‘TUL U0 1993 ON

$S[199 gyl Jo uonodoxd 1
syjuow ¢ Je

S[[99 I, K10)[NnTa1 poolq Tereydriog
(LOVdo1d) uoneyuawo[ddns

[¥8] Passasse JON onorqoxd Suimoroy Qv jo ysu |
dnoi3 onjorqoid a3 ur
AV Surdo[oAap uaIp[Iyd Ul wniuap
wni12190qopifig | -ou 10 qQV
Surdoraaap juejur pajean-onorqoxd
u29IMIAq SAep ()] 18 AJISIAIP-¢

U0 1001 “KIISIQAIP-D UO JO9JJo ON

[es] sjuejuy

©J01qOIOI
nS JueUT OISULNUT YNIM (JV UO
199339 onjo1qoid Jo UONRIO0SSY

(1LDVd01d) UaIp[Iyd p[o
-1edk-7 Suowe (v Ul UONONPAI % ()

9100s-Z 93e-I0J-1y3Tom
pue ‘yS1oy ‘WySrom | syjuowr 7|

o111 Passasse J0N QOUIPIOUT BAYLIBIP UO 133 ON

1q Ieyye
SYIUOW ¢—UONL]SAT JO SYIM 9
N[TW POJUSLISf UT ‘A[oAT}oadsal
“Kep/NdD (0T X G ‘5,01 X S 4,01 X §
g-e] snjuydopiop
snjj1ovqo3IvT ‘71-qg s1ovy “dsqns
SUDWIUD WNLIIIDGOPYIT ‘DD
SNSOUDY.L SNJJ19DG12SDIOIDT XTI\

(U4
U ‘KeMION ‘USWIOM P[O SIBIA ¢ F [ ¢
ylIq 19)ye
SYIUOW ¢—UOIIRISAT JO SHIoM 9¢
Y[TW PAIUAULID) UT ‘A[oAT}oadsal
“Kep/NAD (0T X G ‘4,01 X S ‘0T X §
G-e1 snjrydoprop
sn)1o0qo1dvT ‘71-qg s1ov) “dsqns
SDUIUD WNLI21ODQOPLig ‘DO glr=u
Snsouwpy.L SnjjIPqIasPINIDT XIA ‘KeMION ‘USWIOM PIO SIBA +8°C F 16'6C
yiiq oyye
SYIUOW 7—UOIIRISAT JO SYoom 87—+
(STexourw
pUe SUTWEJIA ‘s}eJ ‘So)eIpAyoqIed
‘surjoad) Juoworddns [euoninnN
Jopmod ut ‘yoed Kep/N4D 01 X +'1
YZLE'T DOINDD
SnSouwpYL SNJJIODGOIIVT ‘Qpy¢-T foc=1u
DDOND Suov] wnii21o0qopifig XN ‘seurddiyd ‘uswom plo s1edk ¢'G F g4

yaq—uondoouooard woy
(Kep/3w () ourz
‘(Aep/3w 9°7) 9g urweip “(Kep
/3wt g°1) utaegoqry ‘(Aep/sn (1)
q urweyip “(Kep/3 f) [03sour-0K N
Jopmod ur ‘goed Kep/NAD (01 X 1
TI8T OON

syyaq wasyeld jo requinu T sypunup wn23opqopyfig ‘L00F DON  S8S = U N ‘Pue[eaz maN ‘etodeSurg

[S11] Ppassasse JON M{ U0 193JJ3 ON

SSOUWDYL SN]JIODGISPINIVT XTAL ‘UAWIOM PO SIBIA O € F €6°0€

uonendod Apresy
Louvudasd Surancg

uonemndod Apresy

fouvudard ato0fog

©)0OIqOIOTW

pEN| N3 JuejUI PUB [BUIDIBW UO JOYPH SOWO09IN0 JuBJU]

Q[OIYRA ‘9SOP “O1101qoIg sonsuR)oeIeyd uonendod

uonensmuIwpe Jo Qwl],

sowoo)no Suridsyo uo uone)sasd JuLmp pue 210J9q Junaels uonensuiwpe onoiqoid Sunen[ead sAIpNIS [BIIUID ¢ d|qel

pringer

Qs



549

Current Nutrition Reports (2022) 11:537-562

[etS]

(98]

[811]

[¢g]

[cs]

[L11]

Passasse 10N

Passasse JON

Passasse JON

Passasse JON

apaoni1dsouyor pue

‘DjjoUDWIAPIOY] 2D20DPPUOUIOIYAIO]

| ‘pyjauapogy pue ‘0)oLns

TNSuSS WNIPLISO[) ‘SOBIPLISO[D)
1 {fonuod 0 paredwod SN 10 paIAle 8
{KIISIOATP-¢ JO -D UO 1932 ON
SIIYIOIN

Passasse JON

urayed Surpagy

uo 109x9 ON ‘JJNg uo joedwr oN
syuowr G

[mun AJ119A3s pue Aouanbaiy orjoo 1

BUWAZOJ JO SOWOIINO BUI)SE
jsurede uonojoid oN :s1eA G

(s1oA9] unosjoxdres pue

ursdAnnue-1-o [829) ‘dgVAI SuLIn)

SYJuOW ¢ pue YIIq e Ajadajur
[esoonu JnS JUBJUI UO 1090 ON

sorowodoIyjue yiaiq uo 39939 ON

sorowodoIyiue yiaiq uo 39949 ON

©j01qodAW In3 Juridsyjo uo 1099 ON

I9jsuen) Suridsjo-[eurdjew
pue ejo1qodAw Ing oIy A[reo
—(1DVvdo1d) A319[[e Jo uonuarald

[1q—UO0TRISA3 JO SYIoM 9¢
sjordoup 10 ur Aep/N.dD (0T X 1
99897 INSA

GLT = u ‘uei]

TO6AT Maina. snjj1opqoav|isou] ‘uduom plo sxeak (¢'S F 65°87) 6781

(syueyur) syjuowr
0—13J1q YIIIq—UOTIL)SAT JO SYoaMm 9¢
sansded ur Aep/NAD (01 X [
0T1ND wnpyiq
win21o0qopifig ‘v IND SUID]
“dsqns Sypunup wnii21oqopifig
‘801ND 12svonind snjj1opqoiovy
‘19TND SNLDAYDS SH]j1ODGOIOVT XIN
YHIq Ioyje
SYIUOW ¢—UONE)SAT JO SYOIM 9¢
sonsdes ut Aep/NAD 01 X |
61 ONH suov]
‘dsqns sypunup wn1i21ovqopifig
IIq—Uuone)sad Jo soam 7¢
s191qe) Ut ‘A[eanoadsax
‘Kep/N1AD 40T X T 0T X 1,01 X 1
(pasojostpun
so10ads) snoo0201dag pue

oy
= u ‘wop3ury| parun (9°S F 0'62)
IOP[O 1O PIO 183K 9T Pade UaWOop

oL=u
‘BISQUOPU] ‘UdWOM PO SIBIA 67—

¢g=u

SNJJIODGOIIVT “UWINLIAIIDQOPLIG XTI\ “BUIYD) ‘USWOM PO SIBIA 91" F T'LT

UMI1q—UuoneIsag Jo syoam 7¢
s1o1qe) Ut ‘A[eanoadsax
‘Kep/N1AD 40T X T 0T X T*,01 X T
snydoutiaryy sn220203daaig
SNOLIDSING 11Y0aNAqIaP SNJJ1ODGOIIDT
‘Wn3uo] wnia1opqopLfig XN
1iq Ioje
Syjuow ¢—UO0MNeISAT JO SYoam 9¢
N[TW PAJUSWLIR) Ul ‘A[oAanoadsar
‘Kep/N1AD 0T X S 501 X § ;01 X §
G-e7 snjrydopon
snjp1opqoIdVT ‘71-qg Syovy "dsqns
SDUIUD WN1L21OPqOopLig ‘DO

og=u
RUIYD) ‘USWIOM PJO STBK 7'¢C F 71T

8ec=1u

Snsouwny.L SNJJIIDQIsPINIVT XTI ‘KeMION ‘USUWOM PO SIBA 6°¢ F 9°6T

34

©101qOIOT
nS JueIUT PUL [RUISJEW UO JOJH

S9WI0IINO juejuy

Q[OIYRA ‘9SOP “O1101qOIg

sonsuR)oeIeyd uone[ndod

uonensmuIwpe Jo Jwl],

(ponunuoo) zsjqey

pringer

a's



Current Nutrition Reports (2022) 11:537-562

550

[1o11]

[e60T]

[611]

[c¢]

[e06]

[e9¢]

BIPLOSO[D pue

'LIORQO9J01] T ‘pLiatopqopifig |
:pojIseaIg :JoIp

juejur uo Juapuadop J09J9 d101qOIq
sagueyd

PojeIDOSSE-URLIESIED 29 dnjoiqnue |
SNSOUWDYA SN]]1ODQ12SDINIDT

‘a02.4q winiL230vqopifig |

sypuowr ¢

syuejul

Passasse JON

Passasse JON

Passasse 10N

Passasse JON

Passasse JON

poassasse JON

(sAemyed pajeraI-ounwr)

sa)1s DA paje[AYIow A[[eIUISYIP
JO JoquInu | :¢-0 + $O101qoid

S[[*3 L + $dD Poo[q p1od Jo
uone[AylewradAy | :sjuowiean [y

Mg UO 103J9 ON

(souaropunoIId peay TING “1d ‘M)
soowodoIyjue yiIIq uo 19919 ON

syuow 7| Je uoneznisuas oidoje
JO ‘9Z33YM ‘BUIAZOI UO JI9JJd ON

sypuow
9 pue T 1 1y31oy pue Jysrom pue
9y31oy pue Jy31om YIIq Uuo 1999 ON

(syueyun)
SYIUOW 9—YIq ‘YIIG-SII3M 9¢
(Kep/3 g() ‘Jreyur) SOH
so[nsdes ur ‘A[oanoadsar ‘Aep/n.qD
0T XS 0T X S 0T X T 01 XT
DO snsouwvya
§N]]190qOIIVT ‘G()L I SNSOUUDY.L
§nJ190qOIIVT ‘S 1MUDULIAYS “dsqns
1Y2N24uapuna.Lf wnri1onqruordosq
‘6699 242.4q WNLI210DqQOPLIg XTI\
(s1oyjowr) syjuowr
9—IIq :¢-® {(SjueUI) SYIUOUW
Z1-paq :sonorqoxd fyuaig-syeom Og
(Aep/3 $8°¢) vANd €
syordoap 110 urt ‘(syueyur)
Kep/NgD (0T X [ ‘(s1oypowr) (O] X ¢
8EO6LI
NS 1a1mal SnjjopqoIdv]ISour

YHIG-s)oom (g

(kep/3 $8°¢) VeINd £-©

syordoap 1o ur ‘Aep sod N4 01 X T
8E6LI

NS 1Ma1maL SnjjIoDpqOIIDISOULT

JIq 10)e
SYIUOW 9—UOIILISAT JO SY9oM 9 —]
sornsdeo ur Aep/N.1D 01 X9
T100NH
SNSOUUDY.L SNJJ19Dq12SDINIDT
yHIq 1eyye
SYIUOW 9—UONIRISAT JO SY9oM 91— ]
so[nsdeo ur Aep/NAD (01 X 9
T0ONH
SNSOUWDY.L SN]JIODGIISDIUIDT
yuIg—uone)sas Jo syeam
so[nsdeo ur Aep/NgD 01 X 1
z1ag suovj “dsqns
SDPUIUD WN1L21OPqopLig ‘OO
SHSOUDY.L SNJJ1ODQIISDIODT XTI\

Ty = u ‘puelul]
£9sBASIp ASIO[[e YIIM pasouTeIp Ioyje]
Jo Joyjoul ‘9. PasO[ISIpuUN JO USWOA

€9 = U ‘USPIMS
‘SOSBISIP JI3IQ[e JO AI0ISIY A[Turey

‘uowoMm plo sT1edk (0'¢€-0"67) 0°CE

ww =u
‘USPIM§ ‘SISBISIP JISIS[E JO A10ISTY
A[rurej ‘uowom plo s1eak (67) SH—81

€L = U ‘pUR[BIZ-MIN] -JOAJJ
Aey JO ‘BWIZO9 ‘BWY)SE PIjear) Jo
K101STY ‘Uawom PJo s1e2h (9€—0¢) ¥€

€Th = U ‘puB[BIZ-MIN] ‘IOAJJ
Aey] 10 ‘eWIZO? ‘BWY)SE PIjear] Jo
K10)ST ‘UaUWIOM PIO STBA (9€—(0€) #€

Sl=u
‘puerur] ‘ATruuey oy) ur ASIoTTe YIm

‘USWOM PO STeAK (L'7€-C97) §'6T

SISBISIP JISIA[[. X0 YSLI Y

34

©101qOIOT
nS JueIUT PUL [RUISJEW UO JOJH

S9WI0IINO juejuy

Q[OIYRA ‘9SOP “O1101qOIg

sonsuR)oeIeyd uone[ndod

uonensmuIwpe Jo Jwl],

(ponunuoo) zsjqey

b
)
)
5
et
|9
A
&l



551

(yuejur) s1eak

7-YHIq SYIIIq—uone)sas Jo soam G¢
so[nsdes ur ‘Ajoanoadsar

‘Kep/NAD (0T X 6 PUe (O] X 9

SOUIOJ)NO POOW PUR [BIOTABYSq 6T0NH Suop; “dsqns TPE = U ‘PUB[RIZ-MIN
“aANIUS09 UO 10910 ON :SUTRNS YJog  SIypuiIup wntiajonqopyig 1o JOONH  9Seasip ASI9[[e y)im pasouSerp 1oyjej
[8L] Passasse 10N STBOK [ Smsouupy Snjj1opq1aspononT Y IO IOYIOW oS8 PISO[OSIPUN JO USWOA

(yueyur) s1eak
J00JJo OU (GTONH ~ 7—YMIq ‘UY}Iq—uomne)sas Jo syoom G¢

BWAZII JO so[nsdes ur ‘Ajoanoadsar
douareaard yyuow-Z ] ur T fozooym ‘Kep/NAD (0T X 6 PUE (O] X 9
‘uoneznisuss drdoje ‘BWzod Jo 610NH Suovj “dsqns THE = U ‘pUB[BIZ-MAN
douderard owmyIy T :JOONH  Sypuiup wniiaopqoplfig 10 [o)ONH ~ $9SedsIp ASI9[[e yiim pasougelp Iayiey
(L8] Passasse 10N STBOK [ Smsouupy snjj1opq1aspononT Y IO IOYIOW oS PISO[OSIPUN JO USWOA

(syuegur) syjuow g[-s&ep ¢ %
(I9y10W) YIIIg—uone)sad JO sYooMm 9¢ §8] = U ‘USPAMS ‘SHIATIOUN[UOD OUIyI

yq Je Juowdoroaap A319[Te pue syordoip 10 ur ep/NAD 01 X [ JISI9[[e JO eLIEdNIN JISID[[¢ ‘ABIo|[e
UOTBINJBW QUNWWI O} PIJB[I SOUT 0€LSS [BUIISAIUIONSES ‘BUIYISE “BUWDZOd
[ss] Passasse I0N  S[[99 L + D Jo uonedylow YN T DDLV MainaL snjj1onqoidvjisouty JO K101STY ATTWIR) Yaism USWOA

(yuejur) syjuow
0—)IIq YIIIq—UONL)SAT JO SYAIM 9
(Kep/3 g0 ‘yreyur) SOH

BUWIAZOD PuR ASIS[E JO 90UPIOUT so[nsdes ur ‘Ajoanoadsar ‘Aep/n.dD
1 :dno13qns paseArjop-uearesae) (O X+ ‘G01 X ¥ ‘5,01 X [ 4,01 X |

uoneznisuds g3] oyroads S[ 1upuLiays “dss nyorauapnatf
-JueeyuI | ‘UONRZNISUAS 3] YPIm wni219vqiuordold ‘6699
9SBASIP JISIA[[e JO ASBISIP JITIo[e 242.4q wn112190qopyfig ‘S0LDT 79 = u ‘pueury
PasouSeIp-10)00p Jo ojer oousreAdld  smsouwpyd SnjJIOPQIaSPINIYT ‘D) aseasIp ASIof[e Yiim pasouSerp Ioyje]
[68] Ppassasse J0N QU UT SOOUQIQYIP OU :SIBK €  SHSOUMUDY.L SNJJ10DG12SPIYIDT XTI\ IO JOYIOW ‘05 PISO[OSIPUN JO USWOA

(yuejur) syjuowr
UQIP[IYO PIISAI[OP-UBIILSIRD 9—1Iq <YIIIQ—UOoNL]Sas JO SYIM 9¢

Ul SUOT}OJUT 3081} AI10jeIrdsar (Kep/3 §°0 “yueyuI) SOO
1oddn 1 {uaIp[Iyd> PaIAI[Op so[nsdeo ur ‘Ajoanoadsar ‘Aep/n.D
A[reurSea ur spranounfuod-oury: OT X701 X 0,01 X 1,01 X1
o15I107[e | :SIR0A ()] pUR G UdaM)g S[ nuvuLiays “dss 1yo1a1uapnaif
A319][e pooj pue wini123ovquordosd ‘6699
BWAZ03 JO doudlesard owneyry 1 242.4q wn112190qopIfig ‘S0LDT L08 = U ‘pueuL]
*9seasIp o1S1o[Te Aue Jo oousreadrd  smsouwupys sSnjjonqIasPINOYT ‘DO ‘seasIp ASIa[Te YIm pasouSerp IoyIey
[88] Ppassasse J0N QWINOJI[ UO JO9JJQ ON] :SIBdA O]  SHSouwunYy.L SNjj1o0q1aspooDY XIA 10 I9Yjow a3 PISO[OSIPUN JO USWOA
©101qOIOT
BEN| nS JueIUT PUL [RUISJEW UO JOJH SOWIOJINO JUEBJU] QOIY2A ‘9SOP “O10IqOI sonstIoereyd uonendog UONENSTUTIPE JO QWIL],

Current Nutrition Reports (2022) 11:537-562

(ponunuoo) zsjqey

pringer

a's



Current Nutrition Reports (2022) 11:537-562

552

l6v]

[z6l

[8¥]

[oz1]

[Ly]

Passasse JON

passasse JON

QWM YYIM SHLIDAYDS
§1220203da.41§ “SNJJ19DqOIODT
‘winLI21OPqopIfig Jo ddurpunge |

‘)IIq 0} dureskq

wolj AJSIQAIP-g pue AJISISAIP-D UI |

SIYIOIA

Passasse JON

Passasse JON

sornowodoIyjue JUBFUT UO JOIYS ON

9jrl sjuawean
1 ‘skep ¢—¢ 1e s[oA9 urqnuyiq 1

0"} % ‘Md
‘YD ‘erwosoroewl ‘eruadA[3odAy
‘wasyeId) sawooINo Y)iIq 1910

U0 109JJ0 ou ‘ddudpour YOS T

VDS
10 vOT “Id PUB M U0 199JJ9 ON

sonowodoIyue Yiiiq uo 1992 ON

K)Ip1gIiow [e)RUOdU

sodwod pue ‘D[N O3 UOISSIpE
‘sormowodoIyjue JUBIUT UO JO9JJ0 ON
Mg U0 199J0 ON

[IIIq—UONeISa3 JO SYoMm §7

1ny3oK ur ‘Aeandodsar
‘Rep/N1AD (0T X T PUe ;01 X |

<199 suovj s13ov]

“dds sypwiup wniia100qopiig
‘gerT snpydopion snjj1opqonT XIN
[}IIQ—UOTIBISOS JO SYOM ()T
sonsded ur Aep/N.AD (01 X 1

cl-d4 suovj

“dds syypwitup wniia100qopLig ‘oo

SNSOUWDY.L SNJJ1ODGIISVINIDT XIA

[)11q—Uone)Isas Jo SYIM ()g—1
so[nsdeo

ur Kep/NAD (0T X St JO [e10],
YELYT INSA snorpdpng “dsqns
1Yoa1.4q)2p SNINIODGOIIVT ‘CEL YT
INSA 12spovand snjj1onq1asvI1IDT
‘0ELYT INSQ wnmpupd
snporquup]diory ‘SeLyT INSA
snjiydop1op snjj1onqo1IvT ‘LELYT
INSd Suunfur wnii2190qopifig
‘9€LYT INSA winsuoj
win21o0qopifig ‘e Ly INSA

snpydoutiayy sn20001da1g XN

SYIUOW 9—UOTILISOT JO SYM ¢

(proe oroudejuadesodrs 3 gz () ‘proe

SI0UQLXAYESOJ0D S 6'] YIM ‘SpIOE
Anej ¢-u Jo 3 °7) sernsdeo [1o ysig
sonsded ur yoes Kep/NAD ;01 X 1

0cy suopj dss
sipugup wini121o0qopiig ‘T00NH

SNSOUUDY.L SNJJ10Dq12SDIIDT XTI\

uone)sas Jo syoom /£ [—Syoom 7]
saqnsded ut Aep/NAD (01 X §'9
clgad

s119p] “dsqns win1i23onqopyig ‘oo
SNSOUWDY.L SNJJ1ODGIISVINIDT XIA

971 = u ‘uel] ‘g7 < [INY ‘Udwom
pIo s1eak (7°9 F ¢'67) steak 81 <

11¢ = u ‘erensny ‘¢ < [IN9
‘(L' F € 1€) uowom plo s1edk g1 <

24249 wni21o0qopyfig ‘1¢LYC INSA 6 = U Yrewud( ‘G¢ > pue O¢ < TNG

(S F L0§) uowom P[o SIBdA 8] <

6€Y = U ‘pueuL] ‘CT
Z TING ‘uswiom pJo s1edk §'% F §°0¢

0€7 = U ‘pueeaz mMaN ‘0¢
Z [INg ‘uawom P[o SIedk /G F §'8T

£19q0

34

©101qOIOT
nS JueIUT PUL [RUISJEW UO JOJH

S9WI0IINO juejuy

Q[OIYRA ‘9SOP “O1101qOIg

sonsuR)oeIeyd uone[ndod

uonensmuIwpe Jo Jwl],

(ponunuoo) zsjqey

pringer

Qs



553

Current Nutrition Reports (2022) 11:537-562

a3e TeuonIR)SaS 10§ [[eWS YOS ‘Sproe Aej pajernjesunijod Y7 d ‘siun orwouoxe) euonerado /)70 ‘a3e [euone)sad 10y o51e] Y7 ‘urajoid Surpuiq proe-£1ej [eunsyuUI gV ‘SIpLI
-e[0JBS031[0-0)08[eS OO ‘SMI[[OW $AJAqRIP [eUONR)SAT (D ‘o3e [euone)sasd yoH ‘syrun Juruioj Auofod 4D ‘WSrom YuIq Mg ‘Xopul ssewr Apoq /g ‘YISu9[ yiq 7g ‘snneurtap oidore qy

[121]

[16]

N

Passasse JON

Passasse 10N

Passasse JON

VD J0 QOUIFWINOILD

peay “1g Jo 93ueyd oN
$$91BUOQU dWOsoIoeW 1

md 1

eIwadA[30dAy
[€1BUOAU JO A\ { UO 199JJ9 ON

BIWOSOIOBW PUE A UO JO3JS ON

J19)SoWIL) ISB[ AU} SULINP SYM § 10

1my3oA ur kep/NAD 40T X T JO [eI0L,
(pasoastpun
urens) s19] wnii21onqopyig

‘snjrydop1op snjjoPqoIdYT XN
uone)sas

JO So9Mm T€—8C 0} SY2°M [T—HC
so[nsdeo

ut ‘Kpanoadsar ‘kep/N4D (01 X 1
(pasoostpun

$8 = U ‘ueI[ ‘D JO SsisouSerp oy}
)M USWOM PIO ST8K /6°C F 9 T¢

LS=U

urens) wnpyiq wnia1opqopyig  ‘puerrey[, ‘INAo Jo SISouSerp oy yim
‘snpnydopiop snjjIorqoIYT XN USWOM (Z0'S—0S"TE) PIO SIEA Gp—8

SYoaM $7—UO0TRISAT JO SYoM ]
so[nsded ur ‘Ajoanjoadsar ‘Aep

/NHD (01 X9 01 X ST 01 XS'L
6ds wnpifiq wniiz1onqopiig
‘pycds wmsuoy wniiaonqopiig

“TV1 snpydopiov snjj1ovqoiowT XIN

L0S =
U ‘eI ‘INCD JO JSUI-Y3STY Je ‘uomom

(€5°S F £0°€) PIo s1eak 081

NaD

34

©101qOIOT
nS JueIUT PUL [RUISJEW UO JOJH

S9WI0IINO juejuy

Q[OIYRA ‘9SOP “O1101qOIg

sonsuR)oeIeyd uone[ndod

uonensmuIwpe Jo Jwl],

(ponunuoo) zsjqey

pringer

a's



554

Current Nutrition Reports (2022) 11:537-562

specifically studied at the macro- and micro-nutrient levels,
with offspring outcomes ranging from glucose homeosta-
sis to blood pressure [28]. In utero epigenetic modifications
may be underlying mechanisms [29]. The gut microbiota has
been proposed to regulate host gene expression epigeneti-
cally [30, 31], for example, via DNA methylation [32] with
implications for offspring disease susceptibility [33]. The
intestinal microbiota is a dynamic and interactive across-
kingdom ecosystem composed of characteristic microbial
communities co-evolving with their host [34]. While what
constitutes a health-compatible microbiota remains elusive
[35], many taxa have been identified whose altered represen-
tation is associated with diseases. Specifically, in infancy,
microbiota variation is a predictor of overweight [5], asthma,
and allergy [3]. The microbiota is seeded by the maternal
microbiota [36] and continues to develop during infancy
[37] thus going through sequential stages of plasticity that
encompass pregnancy and are susceptible to programming,
while being a determinant of life-long health [38]. In this
context, maternally administered probiotics can be used as
a dietary intervention that targets the offspring intestinal
ecosystem. In utero and early life exposure to probiotics
may affect growth and gut health [39-41], suggesting that
specific windows of opportunities may exist for probiotic
administration.

Growth and Anthropometric Indices at Birth

Probiotics have a long history of use to support growth of
farm animals [42, 43]. Investigation into the underlying
mechanisms suggests that they play a role in hormone metab-
olism. For example, certain Lactiplantibacillus plantarum
strains support Drosophila melanogaster larval growth via
target of rapamycin (TOR)-dependent mechanisms and hor-
monal growth signaling [44]. Lactiplantibacillus plantarum
strains also support systemic growth in undernourished mice
via growth hormone sensitivity enhancement and increased
tissue insulin-like growth factor 1 activity [45]. Previous
studies investigating the impact of maternal probiotics intake
on offspring growth have largely focused on metabolic or
allergic diseases as main outcomes [39, 46]. In recent stud-
ies in overweight women and women diagnosed with GDM,
mid- or late-pregnancy supplementation with several mix-
tures of Lactobacillus, Bifidobacterium, and Streptococcus
species had no effect on infant anthropometrics at birth
[47-51]. Recently, several studies were also completed in
healthy participants. As shown in Table 2, supplementation
with various probiotic mixes starting at the beginning of
pregnancy, at the second trimester, or at the end of preg-
nancy had no impact on neonatal birth weight, body mass
index, birth length, femur length, or head circumference [52,
53, 54e, 55, 56¢]. These findings align with a recent meta-
analysis investigating infant birth weight following exposure

@ Springer

to Lacticaseibacillus rhamnosus strains alone or in mixtures
with Streptococcus or Bifidobacterium strains started during
mid- or late-pregnancy [57]. Sex-specific effects have not
been comprehensively studied.

Birth anthropometrics are important prognostic markers
of healthy growth. Long-term effects of maternal probiot-
ics on offspring growth during infancy and until adulthood
have not been investigated in clinical studies; however,
some studies have been conducted in animals. In healthy
rodent models, the probiotic strains Limosilactobacillus
fermentum CECT5716 and Lacticaseibacillus rhamnosus
GG supplemented during pregnancy and lactation did not
impact offspring body weight at weaning [58, 59]. Though
supplementation with Bacillus subtilis PB6 or A and B from
late pregnancy until weaning led to increased body weight
in healthy piglet models (male and female combined) [60,
61]. Similarly, maternal intake of Lacticaseibacillus rham-
nosus GG from late pregnancy until birth, combined with
neonatal administration during the first five days of life,
increased offspring weight during the four weeks after birth
compared to the control mice that received the inactivated
strain [62]. Findings were combined from male and female
piglets. Interestingly, supplementation with Lactobacillus
helveticus NS8 at the end of gestation in a healthy rat model
led to a decreased body weight from late adolescence (51
days of life) until adulthood (76 and 86 days of life), with-
out influencing the weight difference between males and
females [63]. These findings suggest that the duration of the
follow-up measurements is an important consideration to
fully determine the effect of maternal probiotics exposure
on offspring growth.

Intestinal Barrier and Gut Health

The intestinal barrier is critical to host health and a recog-
nized target for preventative and therapeutic strategies [64].
The gut microbiota contributes to the protection of the epi-
thelium from luminal pathogens and antigens, both physi-
cally and chemically [65], and supports the development of
the infant immune system [3]. The intestinal barrier and the
microbiota co-evolve in early life and reciprocally influence
each other, resulting in the establishment of a mature intes-
tinal ecosystem [66]. Probiotics have long been recognized
to sustain the intestinal barrier, including in early life [40,
41]. Additionally, studies have proposed that the intestinal
barrier, including the tight junction and the toll-like recep-
tor associated pathways, is under epigenetic regulation [33].
Interestingly, in piglets, a recognized relevant model for
pediatric nutritional studies assessing intestinal outcomes
[67], maternal probiotics supplementation with Bacillus
altitudinis WIT588 starting during late pregnancy increases
intestinal crypt depth and villus length at postnatal day 34
[68]. In mice, supplementation with Lacticaseibacillus
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rhamnosus GG increases cell proliferation and differentia-
tion and tight junction protein expression at postnatal day
21 [59, 62]. These findings suggest that maternal probiotic
supplementation supports offspring intestinal digestive and
absorptive functions in infancy [69]. Sex effects were not
examined in these studies.

The long-term impact of this Lacticaseibacillus rham-
nosus GG supplementation was investigated at 8 months
of age when mice displayed increased goblet cell numbers
and tight junction gene expression [59]. This was accompa-
nied by increased antioxidant enzyme activities [59], and
this increase was also demonstrated in the adult progeny
of mini-sows that had received a Lactiplantibacillus plan-
tarum B90 and Saccharomyces cerevisiae P11 mix, alone or
with xylooligosaccharides, since the beginning of gestation
[69]. This enhanced antioxidant capacity may help reduce
ageing-associated oxidative stress and was associated with
an increased jejunal villus height at 65 days [70]. Overall,
findings from these pre-clinical studies suggest that mater-
nal probiotic supplementation may help maintain gut barrier
integrity in early life and adulthood and may improve anti-
oxidant status. Indeed, recent studies support preventative
effects of maternally administered probiotics in offspring
with impaired intestinal barrier. In sows, maternal intake
of Enterococcus faecium DSM7134 and Lactiplantibacillus
plantarum CAMG6 was shown to reduce diarrhea incidence in
offspring [71, 72]. In a clinical trial, Limosilactobacillus reu-
teri LR92 supplementation to healthy mothers starting at late
pregnancy and until birth led to a decreased colic frequency
and severity in infants until 5 months of age, although
the influence of sex on this effect was not reported [54e].
Interestingly, a recent study in mice showed that maternal
administration of a mix of three Limosilactobacillus reu-
teri strains protected female offspring from dextran sodium
sulfate-induced colitis [73ee¢], although no protective effects
were seen in male offspring. Taken together, these findings
suggest that administration of selected probiotics during
pregnancy may beneficially prevent intestinal inflammation
in the offspring. More studies are required to understand
sex-differences in responses and underlying mechanisms.

Neurodevelopment and Anxiety-Like Behavior

The gut ecosystem, including the microbiota, and the periph-
eral and central nervous system entertain a continuous bi-
directional communication that is typically referred to as the
gut-brain axis. Underlying mechanisms include endocrine
pathways through cortisol and the hypothalamic—pituitary—
adrenal axis, immunomodulation through cytokines, and
interaction with the vagus nerve and the enteric nervous
system [74]. The effects of probiotics on the gut-brain axis
have been recently reviewed; Morkl et al. demonstrated that
probiotics may be therapeutically beneficial in the context

of depression, but not schizophrenia, while data for anxi-
ety are lacking [74]. Interestingly, these conditions may be
rooted into neurodevelopment in early life and environmen-
tal exposures during stages of plasticity [75]. Moreover, the
gut microbiota has been shown to foster fetal thalamocor-
tical axonogenesis [76]. Thus, probiotic exposure during
early stages of life, including in utero, may have preventa-
tive potential. In fact, one study in mice found that maternal
supplementation of Lactococcus lactis (strain not disclosed)
from 10.5 days of gestation increased blood vessel numbers
and size in the cortical plate and cortical neurons density in
offspring of both sexes at postnatal day 1, while the numbers
of mitotic neural progenitor cells were increased in females
only [77]. Interestingly, effects were investigated in the
context of anxiety, which is known to appear early among
psychiatric disorders [75]. At 10 weeks of age, females but
not males from the above study had a higher activity level
in bright zones and reduced fearful behavior [77]. Similarly,
adolescent offspring, especially females, of rats that received
Lactobacillus helveticus NS8 in late pregnancy spent more
time in open spaces compared to controls [63]. No effects
on cognition and behavior were seen in 11 years old children
born at risk for allergic disease and exposed to Lacticaseiba-
cillus rhamnosus HNOO1 or Bifidobacterium animalis subsp.
lactis HNO19 since late gestation and until 2 years of age
[78]. Interestingly, these benefits of probiotics are also seen
in the context of obesity. Administration of a multi-strain
probiotic to mouse dams since conception prevented obesity-
induced anxiety-like behavior in offspring at weaning and
at adulthood in both sexes [79e¢]. Thus, findings from these
recent pre-clinical studies suggest that maternal probiotic
intake may reduce anxiety-like behavior in the next genera-
tion, potentially through modulation of neurodevelopment
processes in utero and early life. Moreover, these studies
suggest that effects may be sex-specific. Since psychiatric
disorders manifest differently between sexes and are more
prevalent and damaging in females compared to males [80],
more studies should be conducted to understand if mater-
nally administered probiotics hold potential for sex-targeted
clinical applications.

Allergic Diseases

The effect of probiotic supplementation during prenatal
and early life on prevention of allergic diseases has been
extensively studied, leading to the release of recommenda-
tions for populations at risk [7]. These guidelines are the
same for both sexes, and previous studies largely focused on
Lactobacillus species, alone or in combination with Bifido-
bacterium. Recent literature has continued investigating the
mechanisms behind probiotic preventative effects. Studies
in mice show that probiotics, typically administered starting
at mid gestation, act through immune-mediated mechanisms
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(details in Table 1), in both models of asthma [81] and atopic
dermatitis [82], and these effects may be strain-specific [82].

Interestingly, studies in healthy women receiving probi-
otics from 36 weeks of gestation to 3 months of lactation
showed a reduction in infant atopic dermatitis incidence,
which was associated with decreased proportion of Th22 but
independent from Th1/Th2 balance [83, 84]. A clinical study
of women with a family history of treated allergic diseases
receiving Limosilactobacillus reuteri ATCC 55730 during
late pregnancy reported a modulation in DNA methylation
of CD4 + T cells genes related to immune maturation and
allergy development in infants at birth, suggesting that epi-
genetic modifications may mediate the preventative effects
of probiotics in this context [85]. Further studies are needed
to decipher the exact mechanisms. Long-term effects were
also investigated in clinical studies. While combined mater-
nal and infant supplementation with a probiotic mix (Lacto-
bacillus salivarius CUL61, Lactobacillus paracasei CUL0OS,
Bifidobacterium animalis subsp. lactis CUL34, Bifidobac-
terium bifidum CUL20) had no effects on asthma or eczema
prevalence in 5-year-old children [86], the administration
of another probiotic mix (Lacticaseibacillus rhamnosus GG
and LC705, Bifidobacterium breve Bb99, Propionibacterium
freudenreichii ssp. shermanii JS) or of Lacticaseibacillus
rhamnosus HNOO1 to the mother and infant decreased the
lifetime prevalence of eczema and atopic sensitization [87,
88] and food allergy [88] in 10- and 11-year-old children,
respectively. Probiotic preventive effects on upper respira-
tory tract infections [88] and eczema [89] were also reported
in populations subgroups of caesarean-delivered infants,
after 10 and 13 years, respectively. Of importance, Lacti-
caseibacillus rhamnosus HNOO1 was found not to have the
same effects on infant eczema, wheeze, and atopic sensitiza-
tion when given to the mother alone without infant supple-
mentation [87, 90e], thus calling for more studies investigat-
ing the timing of probiotic administration.

Metabolic Disorders

Maternal nutritional status is a determinant of offspring
metabolic health and both pre-clinical and clinical stud-
ies demonstrate that various components of the metabolic
syndrome are susceptible to fetal programming [91]. The
study of maternal probiotics administration and effects on
offspring metabolic health is still in its infancy, with most
human studies focused solely on maternal outcomes [47—49,
92]. In pre-clinical studies, offspring have been evaluated
at weaning and adulthood, with hypertension and risk for
cardiovascular disease being the most studied conditions
[93-96]. Interestingly, the only pre-clinical study that we
found administering probiotic since pre-conception identi-
fied sex- and time-specific (weaning versus young adults)
benefits in offspring and stronger evidence for reduced
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cardiovascular dysfunction in female offspring [93]. Most
other pre-clinical studies have been conducted in males only
(Table 1).

A study in normal-weight women supplemented with
Lacticaseibacillus rhamnosus GG and Bifidobacterium lac-
tis Bb-12 from the 4th week of pregnancy until birth showed
a reduction in DNA methylation of obesity and weight gain-
related genes in offspring, suggesting again that epigenetics
might be a mechanism underlying probiotics programming
effects [56e]. As pre-clinical studies revealed that significant
weight differences are observable at weaning and adulthood,
although males and females were not studied separately, it
would be interesting to assess whether maternal probiot-
ics effects on offspring growth are also observable during
infancy and puberty, and in a sex-specific manner.

Intestinal Microbiota

Modulation of the microbiota is not a prerequisite for probiot-
ics effects. In addition, resilience of an established gut micro-
biota makes it difficult to modify using exogenous micro-
organisms, though microbiota susceptibility is likely higher
during early stages of plasticity. A recent meta-analysis found
that maternal exposures including body mass index, drug-
induced alteration of the microbiota, and probiotics admin-
istration influence the offspring intestinal microbiota [97].
In animal models, maternal probiotic supplementation had
different effects on the offspring gut microbiota composi-
tion and structure, depending on the species administered
and the time of administration [58, 59, 62, 69-71, 73ee, 81,
82,93, 95, 96, 98-100]. Different effects were also observed
in various regions of the intestinal tract [69]. Interestingly,
co-administration of probiotic Lactiplantibacillus plantarum
B90 and Saccharomyces cerevisiae P11 with prebiotic xylo-
oligosaccharides modified the probiotic effect on microbiota
outcomes of piglets [69]. Probiotics with and without prebi-
otic increased Bacteroidetes and Bifidobacterium jejunal rela-
tive abundance, while only co-administration also increased
Firmicutes and Lactobacillus [69]. Most human studies of
maternally administered probiotics did not assess infant
microbiota. For those that did, maternal probiotic intake was
found to transiently increase the relative abundance of admin-
istered probiotic species or strain in the offspring [83, 101],
regardless of the participants being healthy or at risk for aller-
gic diseases (Table 2). Pre-clinical studies are also the only
studies assessing microbial outcomes long-term, including
effects on microbial diversity and/or composition at puberty
in healthy mice [98] and mice born to dams exposed to an
obesogenic diet [93], as well as at young adulthood [93, 95,
96]. Interestingly, some of these studies investigated micro-
biota outcomes in offspring of both sexes. This is relevant
because there is evidence for sex-specific microbiota taxa as
early as 2 weeks after birth [102], which likely become more
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pronounced during puberty [103]. Some of the probiotics
studied showed sex-dependent effects on microbiota structure
and taxa relative abundance [73ee, 93]. This may be a result
of hormonal interactions or of the offspring microbiota sex-
driven effects. The latter is aligned with the finding that the
infant baseline microbiota may determine the success of a
maternal probiotic intervention aimed at preventing atopic
dermatitis [83].

Notably, none of these studies used metagenomic
approaches and thus it remains unknown if probiotics mod-
ulated microbial function. This is important because some
pre-clinical studies found that microbial metabolites were
altered in response to probiotics, including increased fecal
short chain fatty acids in response to Lacticaseibacillus
rhamnosus [62, 96] and decreased plasma trimethylamine
N-oxide (TMAO) in response to Lacticaseibacillus casei
[96]. Short-chain fatty acids such as acetate, propionate, and,
in particular, butyrate are bacterial metabolites produced by
fermentation of dietary fibers, and help maintain intestinal
homeostasis [104]. TMAO is produced by liver oxidation of

Until 2017

the intestinal microbial metabolite trimethylamine and is a
marker of cardiovascular diseases [105]. It will be important
for future studies to expand on these analyses to determine
if programming effects of probiotics manifest at the func-
tional level and to determine the quality and quantity of the
microbial metabolites to which the host becomes exposed.

Conclusions

Here, we have reviewed recent pre-clinical and clinical
studies investigating programming effects of maternally
administered probiotics on offspring health. Studies pub-
lished during the past 5 years expand on previous knowl-
edge in the context of growth and gut health and addi-
tionally describe effects in the context of the metabolic
syndrome and behavior (Fig. 1). Underlying mechanisms
are also starting to be investigated. The study of probiot-
ics in the context of DOHabD is in its infancy and it is not
currently possible to make recommendations for clinical
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practice beyond allergic diseases. Pre-clinical studies are
essential to investigate maternal programming effects of
multiple outcomes in both male and female offspring in
strictly controlled conditions and to elucidate molecular
mechanisms. To encourage transparency and reproducibil-
ity of studies among research groups, it is important that
these studies systematically report study details, including
probiotic strain and dose along with timing and duration
of probiotic exposure; the Animal Research: Reporting of
In Vivo Experiments (ARRIVE) guidelines offer compre-
hensive recommendations for reporting [106].

While most clinical studies initiated the administration
of probiotics towards the end of pregnancy and continued
until 3 months of lactation, pre-clinical studies started at
the beginning of pregnancy and continued until weaning.
There are no studies that isolated the pregnancy period,
and only one mouse and one clinical study began sup-
plementation at pre-conception; it would be important to
understand which are the windows of susceptibility for
probiotics to positively affect the offspring. Offspring char-
acteristics, including sex, can also play a role. The male
sex is more susceptible to in utero programming [107]
and different placental DNA methylation patterns have
been observed for male and female infants [108]. Interest-
ingly, four studies reviewed here proposed DNA methyla-
tion as an underlying mechanism for programming effects
of probiotics [56e, 84, 100, 109e]. Effects could also be
mediated by the microbiota, with preventative benefits in
inflammation [73ee]. Interestingly, a clinical study of pro-
biotics administered during late pregnancy and lactation
for the prevention of atopic dermatitis found that individ-
ual microbiota characteristics, in this case, representation
of Bifidobacterium dentium, could determine the effects of
the probiotic intervention [83]. It would be important to
study the programming effects of probiotics in infants at
risk for altered microbial maturation patterns, for example
very low birth weight or malnourished infants. Microbial
maturation continues throughout adolescence and studies
have in fact found that probiotic effects might appear dur-
ing puberty and adulthood [62, 87-89, 94-96]. Beyond
allergy-related outcomes, current human studies report
findings at birth or in infants up to 2 years of age; longer
trials will provide a more comprehensive understanding of
the programming potential of probiotics. Finally, the stud-
ies reviewed were performed in Northern Europe, Asia,
and Oceania calling for more trials to be conducted in
America and Africa and to encompass ethnically diverse
populations.
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