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Abstract

Purpose of Review Gestational diabetes mellitus (GDM) is a common pregnancy complication that has short- and long-term
health implications for both the mother and child. While lifestyle modifications, insulin therapy, and oral agents such as
metformin are effective, they can be difficult to adhere to, and there remain concerns over long-term effects of oral agents on
the infant. Further, GDM has no proven preventive strategies, which could be more effective than treatment postdiagnosis.
Nutritional supplements are an appealing, potentially safer, and better tolerated alternative to pharmaceuticals to treat and/or
prevent GDM. Here, we review the existing evidence for nutritional supplementation for treatment and prevention of GDM.
Recent Findings There is limited evidence that myo-inositol, vitamins D and B6, magnesium, selenium, zinc, fatty
acids, and probiotics might be beneficial for the prevention or treatment of GDM. There are very few studies for each
nutrient, and the existing studies tend to have few participants. Where multiple studies of a nutrient exist, often those
studies were conducted within the same country, limiting the generalizability of the findings, or alternatively there was
no consensus across findings.

Summary There is limited evidence that nutritional supplementation of myo-inositol, vitamins D and B6, magnesium,
selenium, zinc, fatty acids, and probiotics could improve glycemic control or prevent GDM. Our understanding is
constrained by the small number of studies, small sample sizes in most studies, and by lack of consistency across
findings. Further large, high-quality, randomized controlled trials are required to determine the efficacy of nutritional

supplements to treat or prevent GDM.
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Introduction

In recent years, the global prevalence of obesity and its fre-
quency in women of reproductive age has rapidly increased,
with no apparent end to the trend in sight [1]. The growing
burden of obesity and its relationship with type 2 diabetes
mellitus (T2DM) have prompted a surge in diabetes-related
research, which has demonstrated that hyperglycemia during
pregnancy is related to adverse pregnancy outcomes [2].
Gestational diabetes mellitus (GDM) refers to the subset of
patients in which hyperglycemia is first diagnosed during the
second or third trimester and excludes those women with overt
diabetes that existed prior to pregnancy [3]. Current estimates
suggest that GDM affects around 14% of pregnancies world-
wide, although this figure may reach 25% of pregnancies in
some populations, and the rate is climbing in parallel with the
increasing prevalence of obesity and T2DM [4]. Exact esti-
mates of the number of pregnancies affected are difficult to
ascertain due to the wide variety of diagnostic criteria used
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across study populations and the lack of adequate screening in
some populations [5]. GDM is of great concern due to the
lifelong consequences it can pose for both the mother and
the baby. Women who experience GDM are more likely to
develop T2DM and cardiovascular disease (CVD) in later life,
as well as GDM in subsequent pregnancies [6]. Babies born to
mothers with GDM are more likely to be born large for ges-
tational age (LGA), experience respiratory distress or still-
birth, and are themselves predisposed to later obesity and
T2DM [7]. Being overweight or obese is a significant risk
factor for GDM, and this gives rise to a vicious intergenera-
tional cycle of obesity and diabetes. In order to halt this cycle,
effective interventions for GDM are required [8].

Unfortunately, there are no widely accepted preventive
strategies for GDM, and current treatment approaches are
not ideal. Management usually includes diet and lifestyle
changes, followed by insulin supplementation, which, while
usually effective, requires frequent self-injection and blood
glucose monitoring. Further, insulin therapy is associated with
increased gestational weight gain and increases risk of hypo-
glycemia [9, 10]. Oral diabetes agents, such as metformin and
glyburide, have shown short-term promise [11, 12], but long-
term effects on the mother and fetus remain poorly under-
stood, and for this reason, the American Diabetes
Association does not currently recommend their use in
GDM [13]. Further, by the time GDM is diagnosed—typically
between 24 and 28-week gestation—the most effective win-
dow to prevent long-term harm may have passed. GDM pre-
vention may therefore be a more effective strategy than treat-
ment alone. For these reasons, there is scope to develop new
effective, safe, and easy-to-administer interventions to prevent
GDM in pregnant women, or women planning a pregnancy. In
recent years, the relationship between GDM and diet has
prompted investigators to examine nutritional supplementa-
tion as a potential prevention and treatment strategy for
GDM. Nutritional supplements are an exciting avenue be-
cause they are typically well-tolerated, safe, and easy to ad-
minister—including during pregnancy. This review will dis-
cuss the available evidence for nutritional supplements as
treatments and/or preventive strategies for GDM.

The Association Between Nutrition and Risk
of Developing GDM

A substantial body of evidence suggests an association
between diet and GDM. Excess calorie consumption is
the strongest determinant of overweight and obesity, and
the risk of GDM is known to increase progressively
with maternal body mass index (BMI) and degree of
body fat (adiposity) [14]. A meta-analysis of the rela-
tionship between maternal obesity and GDM reported
the risk of GDM as approximately two, four, and eight
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times greater in overweight, obese, and severely obese
women, respectively [15]. Excessive gestational weight
gain—especially in early pregnancy (up to 18-week ges-
tation)—is also considered a risk factor for GDM, re-
gardless of pre-pregnancy BMI [10].

Independently of BMI, a number of dietary patterns have
been identified that confer increased or decreased risk of
GDM. Overall, the evidence suggests that excess saturated
and trans fats, simple sugars, and red and processed meat
consumption are risk factors for GDM [16, 17]. These dictary
patterns are associated with dysregulation of insulin signaling,
inflammation, and/or endothelial dysfunction—all pathogenic
factors in GDM [18, 19]. Interestingly, high protein intake (~
16-20% of energy) is also emerging as a risk factor for GDM
[20, 21]. It is uncertain why this relationship exists, although
the role of amino acids as substrates for hepatic glucose pro-
duction [22], and in hepatic lipotoxicity [23], may be contrib-
uting factors. Conversely, diets high in fruits, vegetables, and
fish are associated with a reduced risk for GDM—Ilikely due
to their high fiber, micronutrient, and anti-inflammatory n-3
polyunsaturated fat content [24-27].

A number of micronutrients have also been associated
with GDM. Decreased gestational plasma concentrations
of vitamin C [28], vitamin D [29], vitamin E [30], vitamin
B1 [31], vitamin B12 [32], selenium, and zinc [33] have
been associated with GDM, although results across stud-
ies are conflicting. Vitamin D deficiency is arguably the
micronutrient insufficiency most consistently associated
with GDM. However, confounding variables, including
ethnicity, sun exposure, and seasonality, can be difficult
to control for, and as such, the independent relationship
between vitamin D status and GDM remains uncertain
[34]. High intake of heme iron and increased plasma fer-
ritin have consistently been associated with increased risk
of GDM and T2DM [35-38]. However, two randomized
controlled trials of iron supplementation found no associ-
ation with GDM, suggesting that some other factors, such
as red meat consumption, may be responsible [39, 40].

Interactions and relationships between micronutrients may
be as, or more, important than the contribution of individual
micronutrients to the development of GDM. For example,
supplementation with folic acid—part of the B vitamin com-
plex—has been consistently linked with increased risk of
GDM, despite it being recommended in pregnancy to prevent
fetal neural tube defects [41]. This observation is almost al-
ways coupled with vitamin B12 deficiency, suggesting that
the combination of high folate concentration and B12 defi-
ciency contributes to insulin resistance [42, 43]. A recent pro-
spective cohort study of 3607 Australian women over 12 years
found no relationships between inadequate intake of individ-
ual micronutrients and risk of developing GDM, but that
women in the highest quartile of micronutrient adequacy over-
all had a 39% reduced risk of developing GDM [44]. This
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suggests that total nutrition, rather than individual micronutri-
ent sufficiency, is most protective against GDM.

Nutritional Supplements to Treat GDM

Due to the many concerns surrounding the safety and effec-
tiveness of currently available treatments, and the lack of pre-
ventative strategies, there is a growing interest for novel GDM
therapies and preventative approaches. Nutritional supple-
ments are an exciting avenue for this. The fact that nutrition
plays a major role in the risk of GDM suggests that nutritional
supplements could be a safe, affordable, and effective strategy
for combating GDM. The available evidence for the use of
nutritional supplements for the treatment of GDM are
discussed below and summarized in Table 1.

Inositol for Treatment of GDM

Inositol is a simple carbohydrate that naturally occurs in a
variety of foods, including fruits, nuts, and cereals. Nine ste-
reoisomers of inositol exist, of which myo-inositol (MI) is the
most common. Originally believed to be an essential vitamin
(vitamin B8), MI was subsequently discovered to be suffi-
ciently produced within the body from D-glucose. MI forms
the structural basis of a number of signaling and secondary
messengers in eukaryotic cells. These include phos-
phatidylinositol (PI) and its various phosphates, as well as
the phosphatidyl phosphate lipids (PIP2/PIP3), which feature
downstream of the insulin receptor in the insulin signaling
pathway [67]. By this mechanism, MI can improve insulin
sensitivity. Insulin resistance in T2DM, polycystic ovary syn-
drome (PCOS), and GDM is associated with excess excretion
of inositol in urine [68—70]. There is also an association be-
tween dysregulation of the inositol pathway in pregnancy and
folate-resistant neural tube defects, which represent approxi-
mately 30% of all neural tube defects [71].

A small number of studies have examined the effects of
MI supplementation utilizing experimental animal models
of GDM. However, the majority have focused on
preventing neural tube defects and diabetes-induced fetal
malformations. For example, Khandelwal et al. (1998) di-
vided pregnant Sprague Dawley rats into three groups: no
intervention, streptozotocin (STZ injected at day 6 of preg-
nancy: a method for inducing GDM by irreversibly
destroying the (3 cells of the pancreas), and STZ +
0.5 mg/mL/day MI. Not only did MI partially protect
STZ rats against fetal neural tube defects, it also signifi-
cantly reduced maternal fasting glucose concentrations
[45]. One recent study treated two mouse models—a mod-
el of obesity before and during pregnancy and a model of
metabolic syndrome before and during pregnancy—with
two inositol isomers: MI and D-chiro-inositol (at 7.2/

0.18 mg/mL, respectively). Obesity was induced with 4-
week feeding of a high fat diet (HFD) prior to pregnancy,
while metabolic syndrome was induced by a combination
of 4-week HFD prior to pregnancy and genetic KO of en-
dothelial nitric oxide synthase (eNOS ™). As eNOS pro-
motes vasodilation, eNOS™~ primarily causes hyperten-
sion, but it also results in glucose intolerance. This study
reported that inositol supplementation reduced gestational
weight gain in the obese model and improved glucose tol-
erance, blood pressure, and hyperleptinemia in the meta-
bolic syndrome model [46]. Outside of pregnancy, MI has
been associated with decreased fat deposition, but no im-
provement in glycemia or insulin resistance, in HFD-in-
duced rodent models of type 2 diabetes [72].

Only one RCT has examined the effectiveness of MI as a
treatment for GDM. This trial randomized 84 women with
GDM onto 8 weeks of treatment with either 4 g MI plus
400 g folic acid or 400 pg of folic acid alone. Three women
in the MI group and nine in the control group were excluded
because they required insulin treatment, resulting in a final
number of 69 participants. In this trial, MI was associated with
significantly decreased fasting glucose (— 0.9 vs. — 0.3 mmol/
L; p<0.05), insulin (= 12.2 vs. =7.9 ulU/mL, p <0.05),
HOMA-IR (a measure of insulin resistance; —3.4 vs. —2.1;
p <0.05), and increased adiponectin (+ 3.3 vs. — 0.9 ug/mL; p
<0.05), but no difference in gestational weight gain, after
8 weeks of treatment. A weakness of this trial was that it
was not blinded and only involved Caucasian women [47].

Vitamin Supplementation for Treatment of GDM

The critical importance of micronutrient balance in healthy
pregnancy is illustrated by the drastic consequences of folic
acid (vitamin B9) deficiency. Low concentrations of folic acid
during pregnancy are believed to be the cause of over half of
all neural tube defects [73]. A recent study similarly uncov-
ered a causal relationship between vitamin B3 deficiency and
congenital malformations [74]. There is now evidence that
culturing bovine embryos in B vitamins epigenetically alters
the expression of metabolic and developmental genes [75].
This suggests that supplementation of beneficial
micronutrients around the time of conception can have pow-
erful, potentially long-lasting developmental effects. These
observations, combined with the evidence that certain dietary
deficiencies are associated with GDM, suggest that vitamin
supplementation could help to prevent or treat GDM.
However, very few studies on the effects of vitamin supple-
mentation on GDM have been conducted.

Vitamin D is the most studied vitamin supplement in
GDM. Not only is it the deficiency most frequently associated
with GDM, but there is evidence that vitamin D directly stim-
ulates insulin release from {3 cells [76]. Asemi et al. conducted
a randomized double-blind placebo-controlled study of

@ Springer



Curr Diab Rep (2019) 19: 73

73 Page 4 of 15

[es] es10T ‘Twasy

[zs] LL61 ‘suryiog

[16] LL61 “Aoeeds

[0s] sL61 Suruuag

[6¥] 910€ ‘Sueyz

uonezijeydsoy pue
erwauIqnIqiadAy urogmou
Ppaonpar ‘SapLIdAISLY
“I-VINOH ‘uinsut
wnies asoon|3 ewseyd
Sunsej poonpar ApueoyIusig
Q0URIS[0}
9500N[3 WO S1091J9 [BIOAUIQ ON
urnsur ewserd ur
A3ueyo Ou ‘90uLIS[0) 9S0IN[T
[e1o pasoxdunr Appueoyrusig
(stsouserp NAD
' AJnsnl 0} 90ULId[0) 9500N[3
panedwr pey [[us sjuoned
7 AJuo) 90ueIo[0} 9509N[3
[e1o pasoxdunr Appueoyrusig

‘oqaoe[d yym paredwod

dnoi3 ySiy pue wnrpawr ur

[013S3[0YD [230} “JI-VINOH
‘urpnsur paanpar Apuedyiusig

[010)S[0Y0

a1 ewse(d “YI-VINOH

‘urpnsut ‘asoon|3 ewsed

samseaut poojq Sunse,

20URI0[0) 9500N]S [BI)

20URIO[0} 9509N[T [RIQ

20URIO[0} 9509N[ST [RIQ

SaInseaw poojq sunseq

(Se=u)
9pIXo winisauge
(Sg =u) 0gaoelq
uelp
p=u
vsn

cl=u
vSn

yi=u
SPURLISYION
(Lg=u) ydrq
(8¢ = ) wnrpow
(8¢ =1u) mo|

(07 =u) 0qede|d
euy)

(Lg=u) q uruepp
(L7 =u) 0qade|d

SYOM 9 10J
sisouSerp woiy Ajreq

SAep {1 10}
sisouserp woiy Ajreq

SAep §] 10}
sisouSerp woiy Ajreq

SAep 4] 10}
sisouSerp woiy Ajreq

KIOAT[p 0}
sisougerp woyy A[req
(109e] SKep [z pue

stsouserp NAD
uodn) AoueuJoid

Kep/Suwr 057

Kep/Suwr 007

Kep/Suw 001

Kep/Bw 001

(esop y31y) NI 000%
(9sop wmipaw) N[ 000T
(9sop mo[) NI 00T

(parj0nu09-0q20e]d

‘puI[g-9[qnop) 1Y Uewiny wnIsauSepy
UOTJUOAIONUT
we-9[Suls uewny

UOTUQAIOIUI
uLre-o[3uIs uewny

UOTUOAIONUT
wLre-o[3uIs uBWNY 9 UTWRIA

(paj0nu09-0q20e]d
‘purq-a[qnop) 1.5y uewngy

(parjonuos-o0qaoed

[8+] €10C ‘Twesy  Sunsey paonpar Apuedyusis samseawt poojq Junse,] el Suimp oM, NI1000°0S ‘PUNQ-9[qNOP) 1Y UeWNH (] UIWBNA
unoouodipe posealout (FT=u) TN + p1oe o1j0]
SNI-VINOH ‘wnsur ‘asoon|3 (S = u) duole PIo. O[O0 SYooM § I0J
[Lt] 110 ‘opemioy  Sunsey poonpar Apueoyusiy A-VINOH Ay sisouSerp woy Ajreq N Aep/S ¢ 10 [9qe[-uddo uewny
6=
[0}SOUL/QWIOIPUAS
SI[OQEIOIN
(8=u)
[opou SWOIPUAS 0qgaoe[d/owoIpuks
orjoqejow ur erwdundapodAy JI[OqRIAL
pue ‘amssaxd poojq sySrom [epudoeyd (8=u)
“9oueI]0} 950N paroxduuy ‘[€19) ‘[eUI)EW ‘SIOIBW [OYSOUL/AIIW 9590 [oysou-oIyo-q
[opou 95290 ur ureS JySrom S1[0qEIoU WINISS ‘00ULIS[0} (9=u) Tw/Sw §1°0
[ov] 910T ‘Lewo] [euoneIsad paonpal AuedyIusig asoon3 ‘amssaid poorg oqoaoeyd/eom 9seq)  Adueudaxd jo Alomuyg A Tw/Sw g/ (oom) TEWITUY
asoon[3 (L =u) [onsout + Z1S
[sv] pooq Sunsey [eojew (Fz=u) 9aD ® Z1S
8661 ‘Tem[apueyy ur paonpar Apuedyrudig S)OQJOp QN [BINJU [)3,] (p1 = u) Jonuo) uoneysad 71— Aeq Kep/Tuy/Sw G (yer) [ewruy Jonsouy
1sa1oyur Jo judweddns
suonen) JO S109JJ9 JUBAJ[IY QWIONO ATRWLI] sjuedionie  uoneINp JUSWILAI], asoq Apms Jo odA],
(ND) smI[ow sA)aqeIp [euone)sds jean 0} sjuowa[ddns jeuoniynu Jo sarpmys Jo Arewwung | ajqe]

pringer

Qs



Page50f 15 73

ogoxd prdy
TIDINO ‘d-VINOH *2s0on[3 (87 =) ¢-e3WO
U0 10019 ou “YI-VINOH Pue (87 = u) 0qaoe|d S09M 9 10 sproe (paronuos-oqaoerd
[29] 10T ‘Tumueg  urnsur pasoxdun Apueoyrusig SaInsedw poojq Sunsef uel]  sisouSerp woy Ajreq Ayyey ¢-e3owo Sw OO  ‘PWq-9[qnoOp) 1D uewInH
(se=uw)
'sdnoi3 1030 [1e ypm € ©3oWO + g UIUEBNA
paredwoo dnoi3 uopeurquiod (5§ =u) Ajuo ¢-eSow
ul TATA ‘SOpLRAISLY (S¢ = u) Auo ( urueyA
NI-VINOH ‘wnsur ‘0soon|s (g€ = u) oqooelq syoom 9 spioe (paronuod-oqooerd
[19] L10T ‘uermuer  Sunsej pasoxdun Apuedsyusig SaInseaw poojq sunseq uel| 10 A[rep 2o1m], Ayey ¢-e3owio Sw OO  ‘PWq-o[qnop) 1Y uewInH
uonezifeydsoy
uI0qMaU ‘eruouIqnI[IqIedAy
uI0qMaU ‘OpAYdp[RIpUO[eW SOW0NO (L7 =u) ¢-e3owQ
‘urjoid 2AnoRAI-) KoueuFaid pue ‘siodIew (Lz=u) 0gaoeld S)oMm 9 10 sproe (pajonuos-oqaoed
[09] 9107 ‘ueriuep pasoxdwr ApuedyjiusiS  SSaNS SANBPIXO ‘ATojeuuB[jul uel]  sisouderp woy Ajreq Ayey ¢-e3owio w )OO ‘PWg-o[qnop) 1Y uewnH
(L=u) sproe Anej + Z1S
(g =u) sproe Apeq 191 03Ul PAJRISIUI ‘SPIo.
snye)s Jueprxonue (8=u)71S KoueuGoxd Ayrey pajeInjesunouow
paioysar pue erwopidipzodAy (g =u) Jonuo) jnoysnoiyy pue 3/8w 70
[6S] 900T ‘nonossax pasoxdwr Apuedyiusig Snye)s JUepIXONUE [B10], douer] Supew 210Joq SABp G| pue ‘c-u ‘9-u 38w 7' /4 (jer) euntuy  Sproe Ajej
308-0L 3 08-0L
asoon3 30901 3 09-0F
rerpueidisod 10 2soon|3 asoon[3 307> KIDAT[Op [un 30> Apmys uonUIAIIUL
[85] €661 0200y POO[q UBdW UO S}09J0 ON  Ppooiq [erpueidisod pue Sunse] VSN  sisouderp woyg A[req :sdnoi3 ¢ ULIR-00JU) UBWINE] 1091
(gg=u)ouz
[Ls] \I-VINOH o ‘urpnsur ‘resns (7z =u) oqaoelg Sy0oM § 10 (pafjonuos-oqooed
G10T ‘UBARIUBYSOY Poojq Sunse; uo s109Jo ON soInseaw poo[q Sunse,] uer]  sisouSerp wol Areq Sw ¢ ‘pur[q-o[qnop) 1Y Uewnf|
sowoono Adueudaid uo
109130 ou ‘Ayroedeo jueprxonue sowoo)no Aoueudard (sz=u) ourz
[e10) pasearour ‘urejord PUR ‘SSaI)S QAIBPIXO (s =u) ogaoe[d S09M 9 1O (parjonuos-oqaded
[95] 9107 ‘ewrerey] 9ARORSI-) PIONpPAI APUBOYIUSIS  ‘UOHBWILIRB[UI JO SIONIRWOI uey]  sisouderp woly Ajreq Sw ¢¢z  ‘purg-o[qnop) 1.3 uewny oury
(#01 = ) wniudpg K1oatjop
painseaur jou urnsur Sunsey Koueuord (LOT =t) 0qadB[J  [1UN JISIA [E)eUSIUR
[ss1910T ‘oeN —unoduodipe Uo 399130 ON Ul SUONIPUOD dAISUIMIAAH BUIYD Js11y woyj A[req 31 09 1DY uewny
SSOIS QAIIRPIXO
Jo s1oxIewolq ‘urjord (g€ = u) wnuses
QAOBQI-)) ‘UINSUI ‘0S00N[3 (§¢ = u) oqooelq S09M 9 IO (paronuod-oqooed
[#61 Q6107 ‘Twesy  Funsej pasea1dap Apuedyiusis SaInseaw poojq sunseq uey]  sisouderp woyy A[req Kep/3ri 00z ‘purjq-o[qnop) IO Uewny  WNIUJ[AS
jsa1oyur jo juowerddns
suonen)) JO S109JJ9 JUBAJ[YY QwooNo Arewiy sjuedionrey  uonemMp JUUNEAL] asoq Apms Jo odA,

Curr Diab Rep (2019) 19: 73

(ponunuod) 1 3[qeL,

pringer

Qs



Curr Diab Rep (2019) 19: 73

73 Page 6 of 15

sprun SuruIo}-Auojod ), ‘SHUN [EUOHEUIUI /)7 ‘[ONOSUI-OAW 77y ‘[BLI) PI[[ONUO0D PAZIWOPUEI 7)Y ‘UIo0j0zoydons 7§ ‘sejoqerp [euone)sed jqo

[019)S9[0Y0 T'T PUE €10}
ur 9su paonpur-Adueusard
[EWLIOU JO UONENUSYE

[99] 10T ‘Aespur]  ‘[onuod onudoA[S uo joedunr oN

‘urnsur 1o ‘(a8ueyo

Surredwod uaym 1dooxd)

AI-VINOH ?1VEH ‘esoon|3

PO0[q Sunse} Ul SOOUIIP

ON ‘uojo1d 0A1ORAI-O

WANL ‘9-T1 *OpLddA[SLy

[s9] 910€ ‘pelouteyer pasoxdurt Apueoyrusig
SOpLIdOA[SLY
pue [01)SI[OYI-TATA
“dI-VINOH
.ﬁﬁ:mﬁ_ s,umoo_\:w Poo|q

[#9] 910T ‘mewerey]  Sunsey paaoxrdun ApueoyIusIg

AI-VINOH ‘Iesns
poojq Sunse; ‘ures jysom
[€9] ST0T ‘yeyrpe[oq  [eUONEISIT poonpal AueolIusiS

9s09n|3 poojq Sunse]

sToSIeW AJOjetueuL

opyoud prdry

93ueyd JyFrom [euoneISID)

(L = u) onorqoig
(SL =u) 0ogaoe|d
puejaig

(1% =u) onoiqoiq
(1 =u) 0qode|d
uelrp

(0€ =u) dnoiqoid
(0€ =) 0gade[d
uelp

(6T =u) dnoiqoid
(Lg=u) 0qode|d
uelrp

SYIM 9— 10

sisougerp woyy A[re

Syoom § I0J
sisougerp woyy A[req

SyooM 9 I0J

sisougerp woyy A[re

Syoom § I0J
sisougerp woyy A[re

(4D 40D 81100N (pay0nu02-0q20e[d

SNLDAYDS SNJJ1oPqOIPT  ‘pUI[q-[qnop) 1Y Uewny|

(N0 01 x §TID
snoLn3mg
‘dsqns 1yoan.iqjap
snjj1oPqOIOVT puR
“12s0o0.40d SNjJ1ODqOIIDT
‘wn.opuvjd
snj190q012DT
‘snjydop1on
snj1190qoIDT
‘SpuDfur wnLPGOpLig
‘wnguoj
wnLonqopifig
‘20a.4q WNLIIDGOPIfig
‘snjydouLiayy (parjonuoo-oqaoerd
$1200001do.g  “puI[q-9[qnop) [ UBWINE]
(B/NAD (01 x 7) wnpifiq
wn1i21o0qopifig pue
‘(B/NdD (01 x T) 1252
“7*(6/NAD (01 x D) (pay[01u09-0qa0e|d
snjiydop1ov snjj1opqoiorT  ‘pulq-o[qnop) 1.7y Uewny
B/NAD 01 x 1)
LTALT
SNoLID3ING 11y2aN.IGIP
snjj1opqOIODT pue
‘TE-ALS snrydoutiay
sno20201da.ys ‘7 1-99
wnL1ovqopyig G-y (pafjonuos-oqaoed
snjydop1on snjjopgolopT  purjq-o]qnop) 1Oy uewny

jsa1oyur jo juowerddns

suone) JO $109JJ2 JUBAJ[Y

QwooNo Arewiy

syuedronreq

uoneINp JUSUILAL],

asoqg Apms Jo odA,

(ponunuod) 1 3[qeL,

pringer

Qs



Curr Diab Rep (2019) 19: 73

Page 7 of 15 73

women with GDM who did not require insulin therapy. Half
(n=27) received 50,000 IU vitamin D twice during pregnan-
cy (upon GDM diagnosis and 21 days later), while the remain-
ing women received a placebo. Six-week vitamin D supple-
mentation was associated with a significant decrease in fasting
glucose (—17.1+14.8 vs. —0.9+16.6 mg/dL; p < 0.001), in-
sulin (—3.08+6.62 vs. +1.34+£6.51 plU/mL; p=0.01),
HOMA-IR (—1.28+1.41 vs. +0.34+1.79; p<0.001), and
plasma LDL cholesterol (—10.8 £22.4 vs. +10.4+28.0 mg/
dL; p=0.003) [48]. Another, more recent trial randomized
women diagnosed with GDM to a placebo, or either 200 1U,
2000 IU, or 4000 IU vitamin D daily. Insulin, HOMA-IR, and
total cholesterol were all significantly reduced in the highest-
dose group (4000 IU) [49]. The most recent meta-analysis on
the topic, which included six studies encompassing 187 sub-
jects and 184 controls, concluded that vitamin D supplemen-
tation improves insulin resistance scores (e.g., HOMA-IR:
standardized mean difference (SMD) — 0.66; 95% confidence
interval (CI), —1.14 to —0.18) and LDL-cholesterol concen-
trations (SMD —0.33; 95% CI, — 0.58 to — 0.07), but does not
affect fasting glycemia or total triglyceride or cholesterol con-
centrations [77]. The implications of these results for the
mother and baby remain unclear.

Vitamin B6 has also been investigated as a treatment for
GDM, although only in a few small studies that date back to
the 1970s. In a study of 14 women with GDM in the
Netherlands, over 90% were found to be deficient in vitamin
B6. All patients were treated with 100 mg/day vitamin B6,
and after 14 consecutive days, the deficiency disappeared and
glucose tolerance improved (— 4.8 mmol/L in mean total of all
glucose values across glucose tolerance test; p <0.01) [50].
The study was repeated in the USA, and the same effects were
reported [51]. However, another attempt to replicate these
findings reported no effect of vitamin B6 on gestational glu-
cose intolerance and suggested that the benefits seen in the
previous studies were due to confounding lifestyle changes
[52]. Vitamin B6 has not been further investigated in GDM.
Furthermore, despite the aforementioned relationship between
GDM and vitamin deficiencies, there appear to be no other
published studies of vitamin supplementation in GDM, either
in animal models or humans.

Minerals for Treatment of GDM

Very few minerals have been tested as potential treatments
for GDM. Magnesium—an essential mineral required for
nerve transmission, body temperature regulation, and pro-
tein and nucleic acid synthesis—supplemented at 250 mg/
day for 6 weeks among women with GDM (n = 35 subjects
and n =35 controls) was demonstrated to exert beneficial
effects on fasting plasma glucose (—9.7+£10.1 vs. + 1.8 £
8.1 mg/dL, p <0.001), serum insulin (—2.1 +6.5 vs. +5.7
+10.7 ulU/mL, p=0.001), HOMA-IR (-0.5+1.3 vs. +

1.4+£2.3, p<0.001), triglycerides (+2.1 £63.0 vs. +38.9
+37.5 mg/dL, p=0.005), newborn hyperbilirubinemia
(8.8% vs. 29.4%, p=0.03), and newborn hospitalization
(5.9% vs. 26.5%, p=10.02) in a 2015 double-blind place-
bo-controlled RCT [53]. These effects may be mediated by
the ability of magnesium to indirectly stimulate insulin
secretion (through acetyl-CoA and calcium-dependent
channels [78]), suppress postprandial hyperlipidemia
[79], and possess anti-inflammatory properties [80].

Selenium has also been investigated as a potential treat-
ment for GDM. A double-blind placebo-controlled RCT of
women with GDM randomly assigned to receive either
200 pg selenium or a placebo for 6 weeks following GDM
diagnosis resulted in decreased fasting glucose (—10.5+11.9
versus + 4.5+ 12.9 mg/dL; p <0.001), insulin (—1.98 +11.25
versus +5.26 +£9.33 ulU/mL; p =0.005), C-reactive protein
(—791.8+£2271.8 versus +500.5+2563.3 ng/mL; p=0.02),
and biomarkers of oxidative stress [54]. More modest supple-
mentation (60 pg) had no effect on insulin resistance in preg-
nant women [55].

At least two double-blinded, placebo-controlled RCTs in
Iran have also investigated effects of zinc supplementation on
inflammation, oxidative stress, and pregnancy outcomes in
GDM. GDM patients who were randomly allocated to receive
233 mg zinc gluconate (containing 30 mg zinc) for 6 weeks
had reduced serum high-sensitivity C-reactive protein (hs-
CRP) and increased plasma total antioxidant capacity com-
pared with placebo, but there was no effect of the supplement
on pregnancy outcomes [56]. Another Iranian clinical trial
found no influence of a lower dose oral zinc supplement
(30 mg/day zinc gluconate) on fasting glucose, insulin, or
HOMA-IR [57].

Fiber for Treatment of GDM

There has been one study of fiber supplementation in GDM,
which was published in 1993 [58]. Non-insulin-requiring
GDM patients were provided with a high fiber drink in addi-
tion to a high fiber diet, and three groups were compared: <
20 g, 40-60 g, and 70-80 g fiber per day. However, no differ-
ences were observed in mean blood glucose or postprandial
glucose, suggesting that fiber supplementation does not im-
prove GDM. However, additional studies would be beneficial,
given the aforementioned evidence that high fiber diets are
protective against GDM.

Fatty Acids for Treatment of GDM

Due to the inverse association between oily fish consumption
and GDM, there has been some investigation into whether
omega-3 fatty acid supplementation can improve GDM. In
rats injected with mild doses of STZ during pregnancy, ome-
ga-3 fatty acids reduce hyperlipidemia and fetal macrosomia
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[59, 81, 82]. A double-blind, placebo-controlled RCT of
women with GDM randomly assigned to either 1000 mg ome-
ga-3 fatty acid supplements or placebo for 6 weeks found
beneficial effects on maternal serum hs-CRP (—245.1+

1570.5 vs. +913.9+2329.4ng/mL, p=0.03),
malondialdehyde (—0.4+1.3 vs. +0.6+2.3, p=0.04), inci-
dence of newborn’s hyperbilirubemia (7.7% vs. 33.3%, p=

0.02), and newborn hospitalization (7.7% vs. 33.3%, p = 0.02)
[60]. Another study examined vitamin D (50,000 TU) and
omega-3 fatty acid (1000 mg) supplementation taken twice
daily both together and separately on glucose metabolism
and lipid concentrations in GDM patients [61]. After 6 weeks
of intervention, the combination of vitamin D and omega-3
fatty acids compared with vitamin D, omega-3 fatty acids, and
placebo had decreased fasting plasma glucose (—7.3£7.8,
—6.9£6.6,—4.0+2.5, and + 1.0+ 11.4 mg/dL, respectively,
p<0.001), serum insulin (-1.9+1.9,-1.3+£6.3,-0.4+6.3,
and + 2.6 £ 6.5 ulU/mL, respectively, p =0.005), HOMA-IR
(-0.7£0.6, —05+14, -0.2+1.5, and +0.6 + 1.5, respec-
tively, p <0.001), serum triglycerides (—8.2+41.0, + 7.6+

31.5, +3.6£29.9, and +20.1 £29.6 mg/dL, respectively,
p=0.006) compared with both control and the individual
groups (vitamin D or omega-3 alone). In contrast, another
study of women with GDM randomly assigned to either
1000 mg omega-3 fatty acids or placebo saw only beneficial
effects on insulin resistance and no effects on plasma glucose
or lipid profiles [62]. The available evidence is limited by the
small number of studies, number of participants per study, and
high variability within study populations, and further investi-
gation is warranted. However, one of the emerging concerns
with omega-3 fatty acids is that oxidization may result in high
rates of neonatal morbidity and mortality in rats and that many
commercially available options are inadvertently oxidized
[83, 84]. Therefore, the use of omega-3 supplements during
pregnancy remains contentious.

Probiotics for Treatment of GDM

Modifying the gut microbiome has become a popular new
area of research in many medical disciplines, including
type 1 and type 2 diabetes [85, 86]. Probiotic supplemen-
tation involves ingesting capsules of “live microorganisms
that confer a health benefit on the host” [87]. Although it is
uncertain exactly how probiotics might exert beneficial
effects on glucose metabolism, there are several proposed
mechanisms. Short-chain fatty acids (SCFAs) are a by-
product of bacterial fermentation of fiber in the gut.
SCFAs can be used as an energy source for intestinal cells
and may impact the expression of appetite regulation hor-
mones, such as leptin, ghrelin, and glucagon-like peptide-1
(GLP-1) [88]. GLP-1 both slows intestinal transit time and
increases insulin sensitivity [89]. SCFAs may also decrease
gut permeability by upregulating expression of tight
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junction proteins such as zonula occludens-1 (ZO-1) in
the gut lining [88]. While few trials have yet been pub-
lished examining the impact of probiotic supplementation
on GDM, there have been some promising initial results.

The majority of RCTs examining the treatment effects of
probiotic supplementation in women with GDM have been
conducted in Iran, with each utilizing a different formulation
of microbes and examining slightly different outcomes in ad-
dition to glycemia (gestational weight change [63], lipid pro-
file [64], and inflammation [65]). In two of these trials [63,
64], fasting glycemia (—15.3£1.8 vs. —7.3£3.0 mg/dL, p<
0.05; =9.2+9.2 mg/dL vs. +1.1+£12.2 mg/dL, p<0.001),
and insulin resistance (HOMA-IR; —0.40+0.13 vs. 0.01 £
0.12, p<0.05; —04+0.9 vs. + 1.1 £2.5, p<0.01) were sig-
nificantly reduced in the probiotic group. Whereas in the third
[65], fasting glycemia and HOMA-IR were not significantly
changed by probiotic treatment, but the difference in change in
HOMA-IR between the probiotic and placebo group was sig-
nificant (3.7 + 1.5, p <0.05). Further, probiotics reduced ges-
tational weight gain [63], serum VLDL-cholesterol and tri-
glyceride concentrations [64], and serum triglyceride, 1L-6,
TNF«, and hs-CRP concentrations [65]. A recent study which
randomized women with GDM to probiotics (Bifidobacterium
bifidum and Lactobacillus acidophilus, 10° colony-forming
units (CFU) per day) or placebo for four consecutive weeks
also reported significant improvement in glucose metabolism
in the probiotic group, including fasting glucose, insulin,
and HOMA-IR [90]. However, an RCT in Ireland that
assigned 149 women with GDM to either probiotic
(Lactobacillus salivarius, 10° CFU per day) or placebo
found no significant differences between the groups with
the exception of total cholesterol [66]. So far, there is no
evidence to suggest that probiotic intervention affects
pregnancy outcomes, such as cesarean delivery, pre-
eclampsia, or macrosomia [91]. Furthermore, a systematic
review of the evidence involving women with GDM
found no effect of probiotic supplementation on fasting
blood glucose (mean difference —0.13; 95% CI —0.32,
0.06, p=0.18) or LDL-cholesterol (—0.16; 95% CI —
0.45, 0.13, p=0.067) [88]. However, HOMA-IR was sig-
nificantly reduced (—0.69; 95% CI —1.24, —0.14, p=
0.01), which appeared to be associated mainly with the
genus Bifidobacterium [88]. The analysis concluded that
larger, longer duration trials, across different strains of
probiotics, needed to be performed.

Nutritional Supplements to Prevent GDM

While treatment is important, prevention of GDM is more
desirable. The available evidence for the use of nutritional
supplements for prevention of GDM are discussed below
and summarized in Table 2.
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Inositol for Prevention of GDM

Several studies have investigated the preventative effects
of MI in women at risk of GDM. A 2013 RCT compared a
daily dose of 4 g MI plus 400 pg folic acid (n =110) with
400 g folic acid alone (rn=100), taken from 12 to 13-
week gestation until the end of pregnancy in non-obese
pregnant women with a family history of T2DM.
Incidence of GDM was 6% in the MI group compared with
15.3% in the control group. This was coupled with a sig-
nificant decrease in mean fetal weight at delivery [92]. One
retrospective observational study reported that the risk of
GDM was more than halved (17.4% (8/46) vs. 54% (20/
37)) if women taking MI to treat PCOS did not stop taking
it during pregnancy, compared with those who took met-
formin for PCOS and stopped upon falling pregnant [93].
A double-blind trial of 75 pregnant women with first tri-
mester hyperglycemia (>5.1 mmol/L and <7.0 mmol/L)
reported reduced incidence of GDM (6% (2/35) vs. 71%
(27/38); RR 0.127; 95% CI 0.032-0.502; p=0.001). In
those women who did develop GDM, MI was associated
with reduced need for insulin therapy (3% (1/35) vs. 21%
(8/38); RR 0.136; 95% CI1 0.018-1.031, p=0.05), smaller
babies (42.8 +£20.4 vs. 56.6 £ 25.9th percentile; p =0.001),
and fewer episodes of neonatal hypoglycemia (0% vs.
26%; RR =0.052, 95% CI 0.003—0.849; p=0.038) [94].
MI has also been effective at preventing GDM in over-
weight and obese women. Daily supplementation of 4 g
MI plus 400 pg folic acid from the first trimester until
delivery significantly reduced incidence of GDM in over-
weight (11.6% vs. 27.4%) and obese (14% vs. 33.6%)
women in two open-label RCTs [95, 96]. However, it
should be noted that all of the aforementioned studies were
undertaken by the same research group across a relatively
homogeneous population. A recent open-label RCT in
Ireland found no protective effect of combined MI and
D-chiro-inositol. In this trial, 240 women with a family
history of T2DM (120 per group) received either
1100 mg myo-inositol, 27.6 mg D-chiro-inositol and
400 pg folic acid, or 400 ug of folic acid only starting
from their first antenatal visit. The authors reported a
non-significant increase in GDM in the intervention group
(23% vs. 18%), and this was associated with a significantly
increased rate of neonatal hypoglycemia [97]. However, it
is uncertain whether the observed neonatal hypoglycemia
was a result of the intervention or of the increased rate of
GDM in the intervention group. Furthermore, the dose of
MI in this study was significantly lower than in other re-
ported trials (1100 mg vs. 4000 mg), which may have been
responsible for the lack of observed effects.

A recent systematic review and meta-analysis of the effects
of MI in the prevention of GDM concluded that there is evi-
dence for a benefit, but that the current studies are too small

and homogenous and are not powered sufficiently to detect
differences in perinatal outcomes [104]. The promise of early
evidence suggests that larger studies, in a variety of popula-
tions, are required.

Vitamins for Prevention of GDM

Some studies have investigated the efficacy of vitamin D sup-
plementation to prevent GDM. A randomized controlled trial
of women with vitamin D deficiency (plasma 25-
hydroxyvitamin D concentration < 32 ng/mL), supplemented
with either a high dose (5000 IU) or low dose (400 IU) of
vitamin D daily (90 per group beginning at < 20-week gesta-
tion), saw little effect of a higher dose on glycemia. However,
they noted the dose was well tolerated and beneficial for
preventing neonatal vitamin D deficiency [99]. A later ran-
domized placebo-controlled trial gave a weekly dose of
5000 IU vitamin D to women at risk of GDM (history of
GDM, birth macrosomia, BMI > 25) and noted a significant
reduction in incidence of GDM (11.4% vs. 34.8%) [98].
Sablok et al. measured vitamin D concentrations during early
pregnancy and administered vitamin D depending on the
woman’s level of deficiency (where sufficient vitamin D was
defined as > 50 nmol/L, insufficient 25—50 nmol/L, and defi-
cient < 25 nmol/L): women in sufficient category received 1 x
60,000 TU at 20 weeks, insufficient category received 2 X
120,000 TU at 20 and 24 weeks, and deficient category re-
ceived 4 x 120,000 TU at 20, 24, 28, and 32 weeks [100].
They reported several maternal and neonatal outcomes, in-
cluding GDM. The number of cases of GDM in both the
control and intervention groups was very low (1.8% vs.
0.9%), and the difference was not statistically significant.
A recent systemic review graded the quality of the evi-
dence that vitamin D supplementation prevents GDM to
be very low and suggested that further large RCTs are
required [105]. No other vitamins have been examined
with regard to GDM prevention.

Minerals for Prevention of GDM

Only one study has examined the effect of mineral supplemen-
tation to prevent GDM. In this RCT, women were split into
two groups depending on their serum magnesium levels (in-
sufficient < 1.9 mg/dL). The sufficient group (group A) re-
ceived a standard multimineral tablet containing 100 mg mag-
nesium per day. The insufficient group was further split into
two groups, where one received the 100 mg multimineral
tablet (group B) and the other received the same tablet plus
an additional 200 mg/magnesium supplement (group C) for a
total of 300 mg/day during pregnancy (starting at 12—14-week
gestation and continuing until delivery). Group C (8.3% (5/
60)) had significantly fewer cases of GDM than group B
(21.7% (13/60)) and the same number of cases as group A
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(8.3% (5/60)). In other words, 300 mg/day magnesium sup-
plementation in magnesium-insufficient pregnant women re-
duced risk of GDM to the same extent as magnesium-suffi-
cient pregnant women [101]. To our knowledge, no other
studies of minerals to prevent GDM have been conducted.

Fiber for Prevention of GDM

No studies yet exist examining the ability of fiber to prevent
GDM. Again, high-quality RCTs of fiber supplementation
would be beneficial, given the available evidence that high-
fiber diets are associated with reduced risk of GDM.

Fatty Acids for Prevention of GDM

A meta-analysis encompassing 328 from two RCTs of omega-
3 fish oil in healthy pregnant women found no beneficial
effect on risk of GDM (RR =0.73; 95% CI 0.22, 2.37) [106].

Probiotics for Prevention of GDM

A small number of RCTs have examined the ability of probi-
otic supplementation to prevent GDM. The Finnish
“Probiotics and Pregnancy Outcome Study” randomized
women with no diagnosis of any chronic disease in their first
trimester to both dietary intervention and probiotic supple-
mentation (Lactobacillus rhamnosus and Bifidobacterium
lactis, 10"° CFU per day), dietary intervention only, or place-
bo. The rate of GDM was significantly lower in the probiotic
group—13%—compared with 36% in the diet-only group and
34% in the control group. No differences in fetal growth were
observed, and no adverse effects were noted [102]. A double-
blind, randomized, placebo-controlled probiotic intervention
trial in women with a history of asthma, hayfever, or eczema
(primary outcome of the study) in New Zealand was recently
published [103]. The authors randomized women to receive
either a probiotic (Lactobacillus rhamnosus, 6 x 10° CFU per
day) or placebo, at 14—16-week gestation until 6 months after
birth, and similarly noted that GDM prevalence was signifi-
cantly lower in the intervention group (2.1% vs. 6.5%). While
promising, further trials need to be conducted to determine
whether probiotic supplementation should be widely used in
early pregnancy to prevent GDM.

Conclusion

While current therapies such as lifestyle intervention, insu-
lin therapy, and oral anti-diabetics can be effective at man-
aging glycemia and reducing fetal growth, they can be dif-
ficult to adhere to, and questions remain about drugs safety
and benefits in the short and long term. Furthermore, many
of these therapies such as insulin cannot be used for

@ Springer

prevention, which may be a more successful approach than
treatment alone. Nutritional supplements, on the other hand,
can be safely used for prevention and are typically easy to
administer. While there is some promise in MI, vitamin,
mineral, fiber, fatty acid, and probiotic supplementation,
there is a need for large, high-quality, RCTs in a variety of
populations, in order to strengthen the evidence and ensure
the safety of both the mother and child.
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