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Abstract

Background: Research on intestinal microbiota has grown considerably, as well as the interest on probiotics’ supple-
mentation effects on metabolism. Considering high prevalence rates of metabolic diseases linked by insulin resist-
ance, we performed a systematic review of existing literature which addressed the role of probiotics in modulating
insulin sensitivity in animals and humans.

Methods: This systematic review was based on PRISMA guidelines. Searches for original articles published in English
from 1990 to January 2020 were made in the electronic database of PubMed from the National Library of Medicine,
using Medical Subject Headings to identify longitudinal studies conducted in animals and humans which reported
effects of probiotics in a variety of insulin resistance parameters.

Results: Overall, results from 27 probiotic interventions (Lactobacillus, Bifidobacterium, Clostridium and Akkermansia)
indicated significant beneficial changes in insulin resistance measures in animal studies. Additionally, they improved
lipid profile, inflammatory and oxidative markers, short-chain fatty acids production and microbiota composition. In
seven clinical trials, samples and designs were heterogeneous. Five showed benefits in insulin resistance parameters
and in two others no effect was detected.

Conclusion: Available data regarding the effects of certain probiotics do not guarantee sustained amelioration

of insulin resistance in humans. Consistent beneficial results for intestinal barrier function, immune system and
metabolism were reported in animals may encourage long-term randomized clinical trials in people with obesity and
cardiometabolic risk. Whether supplementation with probiotics in combination with medications and/or prebiotics,
associated with a healthy lifestyle, will prove useful to attenuate insulin resistance requires further investigation.

Keywords: Probiotics, Gut microbiota, Endotoxemia, Insulin resistance, Type 2 diabetes mellitus, Prediabetes,
Inflammation, Short-chain fatty acids

Introduction pathophysiology of type 2 diabetes mellitus (DM), hyper-
Growing rates of obesity represent a global life- tension and dyslipidemia; this condition increases the
style-related health problem [1]. Its presence favors risk of cardiovascular disease, the leading cause of death
comorbidities and increases mortality mainly due to in most populations [2]. DM is also among the top ten
cardiometabolic complications [1]. In particular, vis- causes of death; it is estimated that 463 million adults
ceral adipose tissue depot produces inflammatory have DM and 374 million prediabetes worldwide and the
cytokines inducing insulin resistance, involved in the number of diabetic people is predicted to increase to 700
million in 2045 [3]. This scenario has justified the search
for underlying mechanisms of these lifestyle-related
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disorders [4—6]. Trillions of microorganisms inhabit the
gastrointestinal tract, exceeding the number of human
cells by ten times [6]. They play a crucial role in immu-
nity, nutrients’ absorption, bioactive molecules actions
and in metabolism homeostasis [4, 7]. Diversity and
stability of the microbiota are affected by genetic and
environmental factors. An imbalance of bacterial com-
munities is called dysbiosis that has been described in
obesity and other states of insulin resistance [8].

Animal models provided initial evidence of differences
in microbiota composition according to body adiposity.
Predominance of the phylum Firmicutes was reported
in obese mice [9]. Transplantation of fecal microbiota
from lean donors to obese animals revealed the ability of
bacterial content in changing body adiposity and related
disorders in recipients [9—-11]. In obese humans, a higher
proportion of Firmicutes relative to Bacteroidetes was
also described, although heterogeneous findings were
further reported [4, 9]. Promising results of fecal trans-
plantation have also emerged from clinical trials includ-
ing obese individuals with metabolic disturbances [9].

Beyond the taxonomic classification, some authors
have proposed describing clusters of bacterial genera
named enterotypes [12]. Western diet, rich in protein and
saturated fatty acids, was associated with the Bacteroides
enterotype, while diet rich in complex carbohydrates and
vegetables with the Prevotella enterotype [13].

Diets enriched with saturated fatty acids have been
associated with increased abundance of gram-negative
bacteria containing lipopolysaccharides (LPS) on their
surface. This condition augments intestinal permeability
and LPS translocation, leading to metabolic endotox-
emia, inflammation and insulin signaling deterioration
[5, 6, 9, 14]. On the other hand, fiber-rich diets have
been associated with beneficial effects on energy balance
[15]. Short-chain fatty acids (SCFA) derived from fiber
fermentation acting on enteroendocrine cells resulting
in local and remote benefits [16]. Gut-derived butyrate,
acetate and propionate play a role in central regulation of
satiety and metabolism and have been considered a rele-
vant pathophysiological link between gut microbiota and
disturbances of glucose metabolism [15]. In individuals
with and without type 2 DM, comparisons of microbiota
composition have shown lower abundance of a butyrate-
producing bacterium and Akkermansia muciniphila,
in diabetics [9, 14], while in mice dietary supplementa-
tion with butyrate ameliorated inflammation and insulin
resistance [16].

Evidence on the potential of gut microbiota to improve
inflammation and metabolic disturbances in diabetic
mice [16] raised the hypothesis that probiotics could rep-
resent a therapeutic tool to attenuate microbiota-related
mechanisms that generate insulin resistance in human
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diseases [5, 6]. Probiotics are preparations of microbial
cells or their components that confer health benefits
to the host when administered in adequate amounts.
They are generally safe for human consumption and act
through the microbiota modulation. Among potential
benefits, those on improving glucose metabolism have
been widely studied [17]. Considering the deleterious
effects of Western diet in intestinal permeability to endo-
toxins [9], probiotics have been proposed to improve in
microbiota composition. Evidence has indicated that
intestinal barrier can be restored by increasing tight-
junction proteins expression which reduces endotoxemia
and ameliorates insulin sensitivity.

Based on results obtained from animal models and pre-
liminarily in humans [18], probiotic interventions have
been tested as a potential strategy for the prevention or
treatment of type 2 DM. Several bacterial strains have
been proposed to enhance abundance of bacteria which
mitigate inflammation and insulin resistance, thus pro-
tecting against cardiometabolic diseases. Most studied
interventions were based on Lactobacillus, Bifidobac-
terium and Akkermansia muciniphila [6, 9]. Akkerman-
sia genus has the ability to breakdown mucins from the
mucus layer providing oligosaccharides sources to be
metabolized by resident microbiota.

Animal studies have demonstrated that obesity and
DM induced by high-fat diet (HED) is at least partially
mediated by the gut microbiota. Supplementation of
Bifidobacterium breve promoted less weight and vis-
ceral adipose tissue gains and improved lipid and glucose
metabolism [19], while Bifidobacterium animalis was
able to reverse the HFD-induced DM [20]. Animal stud-
ies with probiotics addressed to obesity-related outcomes
have employed mainly Lactobacillus and Bifidobacterium
species based on heterogeneous research protocols [21].
Experiments with Lactobacillus and Bifidobacterium
mixture administered in humans resulted in improve-
ment of insulin sensitivity [17, 22]. As a proof of concept,
a small study in humans revealed encouraging results by
the administration of live or pasteurized A. muciniphila
[23].

The predominance of studies regarding probiotics
effects on metabolism were conducted in animals. Sup-
plementations were made with diverse bacteria in differ-
ent amounts and different durations limiting comparison
of their potential benefits. Experimental protocols also
differed regarding the type of culture, formulations and
storage conditions that could generate responses [4—
6]. Protective cardiometabolic effects of probiotics in
humans with or at-risk for cardiometabolic diseases were
less investigated [5, 9, 24]. As far as we know, no system-
atic review in this issue included experiments conducted
in animals as well as in humans.
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Considering the burden of cardiometabolic diseases,
the potentialities of probiotics supplementation as adju-
vant tools for their control and the heterogeneity of the
reported studies, a systematic review could indicate
important gaps in this knowledge and orient further
research. Although changes in gut microbiota composi-
tion by probiotics seem an attempt to minimize inflam-
mation and insulin resistance, it is unclear whether they
could attenuate such underlying mechanisms of life-
style-related diseases highly prevalent in humans. Since
modern dietary habits are determinants of metabolic
disturbances, interventions on diet using probiotics’ sup-
plementation represent an opportunity for prevention
of insulin resistance-linked diseases. We performed a
systematic review of existing literature in English which
addressed the role of probiotics in modulating insulin
sensitivity in animals and humans.

Methods

This review was performed based on the PRISMA guide-
lines (Preferred Reporting Items for Systematic Reviews
and Meta-Analysis). Detailed information is provided in
Additional file 1.

Search strategy

Searches for original research articles offered online,
published in English from 1990 to January 2020, were
conducted in the electronic database of PubMed from
the National Library of Medicine. The following Medical
Subject Headings (MeSH) were used in several combina-
tions: “probiotics’, “lipopolysaccharides’, “gastrointestinal
microbiome’; “intestinal mucosa’;, “endotoxemia’; “fatty
acids, volatile’, “lactobacillus’,  “propionibacterium’,
“bifidobacterium”, “saccharomyces’, “insulin resistance’,
“insulin sensitivity’, “ type 2 diabetes’, “type II diabe-
tes’, “prediabetes” and “glucose intolerance” The terms
“akkermansia” and “enterotype” are not MeSH descrip-
tors although they were also searched considering their
importance for this review’s purpose. Reference lists of
included studies were additional sources.

Eligibility criteria

Inclusion criteria were all longitudinal controlled stud-
ies with probiotics supplementing diet of animal models
or humans and an available objective measurement of
insulin sensitivity or resistance. Exclusion criteria were
participants with type 1 DM, pregnant women, lack of
information regarding the intervention with probiotics
and review studies.

Data handling
Two independent reviewers (BIMS, DC) assessed the
titles and abstracts of all retrieved references to identify

Page 3 of 24

studies that potentially met eligibility criteria and eligi-
ble articles were retrieved in full text. If duplication of
the same study was found, its data were included just
once. Disagreements were solved through discussion
with another reviewer (SRGF). All relevant study data
were extracted into a Microsoft Excel database. Variables
extracted included the following: year of publication,
country of research, sample characteristics (type and
size), experimental conditions (study design and proto-
col), probiotic intervention (strain type, doses, duration),
primary parameter of insulin sensitivity/resistance (base-
line and post-intervention) and secondary parameters.
Double entry was used to assure the accuracy of data
included in the database. These data were summarized in
tables, for animal models and humans separately.

The flowchart of articles selected are shown in Fig. 1.
Sum of MeSH indexed search and free search on PubMed
database returned 86 articles; 30 appeared in duplicate
and were excluded, resulting in 56 articles for this review.
Initial screening of abstracts was made in 56 articles
conducted in animals and humans. Among those, seven
review articles were excluded. A total of 49 studies had
full text reading by two reviewers (BIMS; DC) and from
these, 16 were excluded due to lack of an objective meas-
ure of insulin resistance; not being a probiotic; and not
analyzing the effect of the probiotic, resulting in 33 stud-
ies included in our systematic review. Further, one recent
article [23] that was not detected using the defined MeSH
but was automatically delivered (Google Scholar Alerts)
to one author (SRGF) was also included.

A total of 34 articles were analyzed, distributed in 27
studies involving animal models and seven clinical trials.
Probiotics used in the interventions (mainly Lactobacil-
lus and Bifidobacterium) have already recognized ben-
efits on health. Most studies (82%) were carried out in
the last 5 years in different continents. Studies’ origin was
concentrated in Asia (China, Japan, Korea and India),
Europe (France, Spain, Sweden and Austria) and one
country in Latin America (Brazil).

The totality of animal studies included in this review
was conducted in rodents. In the majority of these
experiments HFD was used to induce obesity and insu-
lin resistance and different probiotics were chosen to
evaluate their performance on several metabolic param-
eters. One study [25] used high-fructose diet to induce
obesity and glucose intolerance and another maintained
a normal chow diet [26]. In clinical trials, no special
dietary recommendation was made. All trials were ran-
domized and controlled, being six double-blinded and
one single-blinded, four were multicentric and three were
single-center. Sample characteristics were diverse, having
included healthy participants as well as individuals with
type 2 DM or metabolic syndrome (MS).
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Fig. 1 Flowchart of articles selection for this systematic review based on PRISMA

Analysis and interpretation

Main details of the studies selected including probi-
otic strains, doses and other experimental character-
istics, effects of probiotic interventions on parameters
of glucose metabolism and other relevant outcomes are
shown in Tables 1 and 2.

Reviewer risk of bias was minimal due to strict col-
lection of eligible articles from literature and because
only statistically significant findings were considered
to interpret the study result by three investigators. The
only exception and possible source of bias could be
related to inclusion of a recent small clinical trial with
A. muciniphila by Depommier et al. [23]. Despite its
preliminary nature, authors agreed about the relevance
of this inclusion based on promising results for clinical
practice. There was always a consensus among authors
in relation to interpretation of the effects of all inter-
ventions in parameters of insulin sensitivity or resist-
ance provided in the studies analyzed.

Results
Animal studies
Main results related to glucose metabolism of 27 animal
studies are shown in Table 1 and additional findings are
mentioned in the text. The majority of them was per-
formed using strains of Lactobacillus (n=20) and Bifido-
bacterium (n=4), as single-strain probiotics or blends of
multiple strains (Lactobacillus+ Bifidobacterium). Two
studies used Akkermansia and only one used Clostrid-
ium. Few studies reported findings regarding micro-
biota, presenting proportions of bacteria belonging to
the main phyla; sometimes, the ratio was mentioned as
Firmicutes-to-Bacteroidetes and others Bacteroidetes-to-
Firmicutes. In four articles, effects of probiotics were
compared to oral hypoglycemic drugs (metformin, piogl-
itazone and vildagliptin).

Except for one 4-week study [27], all probiotic inter-
ventions had significant results in at least one measure
of insulin resistance. In all studies using single-strain



Page 5 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

'SN1e)S D1j0geIaW pue
uonewweyUl Jo Juswaroidwl
Ul BulyNsas ‘Wsijogelsw pue
UOI1BD0|SURIY '9dUBIaYpE |ell
-912€(Q [BUIIS9IU| 91B|NH3I pUue
SISOIGSAP 9oNpal ued Juswl
-1e3.1 D1301g0Id "UOIIedO|Suel}
paseaIdUl PaMoYs 3SNOW qo
/GO pue INo3d0UY 88PAN
3]IyM ‘UolPWIWEYUI pUe UON
-BD0|SURJ) BLID1DE] [RUNISAIUI
paiuanaid (#71@D) ¢1 uonen
-U3J3Ip JO 1215N|> 4O (L PON)
| ur104d BulUIPIUOD-UIRWOP
uoneziawobio bulpuiq
-9p1o3|oNu s101dadal uou

-60331 wianed [eigoioiw Jo yoe

"O13RJ S3INJIUWLIH
-0]-5219pl01210Dg Ul PIAISSO
sem abueyd oN ‘dnoib He-g
33 Ul A|uo Jaybiy sem uols
-s21dxa 101oe) 9sodipe pasnpul
-bunsey 'sdnoub onoigoud
410q Ul 1a3ybiy 219m sauab
uobedn|boid pue updauodipe
JO suoissa1dx3 3ybiam 1ej jew
-Apipida pue Apog ueawl Jamo|

pey sdno.b parusws|ddng

‘PUNOJ 249M S]2A3| UId3UOdIpe
pue spioe A11e} 931} PaylIa1sa
-uou |0J3153|0YD |e10} Ul
SDUBIBYIP ON 'Pa10319p 10U
2I9M UOBWIWIRUI DIWISAS
4O subjs pue Jwi| UoId31p
MO|2q SeM O-7| *SSeuUl 18} LBy}
Jay1el ujeb ssewl ues| 03 anp
90 01 pawaas dnolb dpoiqoid
9y Ul asealdul 3ybiam Apog

(500 >d) uonuaAISIUI S1IOD)
"7 J9)e |[34 ulnsul pue asodn|b
Bupsed ‘sdnoib unds) sop) 7
pue sioe| 7 01 buedwod uaym
pabueyduUN paulewsal ulnsul
Bunse} pue parosduwil Apybis sem
92UBJS|01UI 9500N|9 *| M 01 pased
-W0D PIseaIdUl 2I9M INOXI0UY
88PAN 9Y1 Ul 9JUPISISaI UI[NSUl
pue ulnsul ‘asoon|6 bunsey | p
pue (88PAIN) Ut10id UoIeNUSIRY
-JIp PIojoAW 10} s1no3d0UY bunied
-W0d ‘] | DI U] ‘SaN[eA Jejiwis pey
€ 959y pue (50°0 > d) sdnoib
—/= ¥1P2 pue IM'—/=¥1P3 go
/00 0} pa1edwod [9A9] JIWDA|D
153461y U pey 1w qo/qo
"L19d| U] 'S|oaU0d | M PUe | PON
104 sdnoib 1noxd0UY JaY10
uey11aybiy Apuedyiubis asom
PaJ-A4H LM JO SaNjeA D14
LM P34-Q4H 01 _IWdA|6 Jejis
PeY 931U IN0X20WY ¢PON ‘L 190 Ul

“le-g ueyd

He-g aA91q °g Ul padunouoid

210w buixq (500 >d) sdnoib

pa3eal} Ul A|JUO puNoy a19Mm

3s0on|b ewse|d ‘Y|-yWOH pue
uljnsul ‘asoon |6 Ul suooNpay

‘dnoub |01u0d ay1 ueyy dnoib

Pa1e3.1 941 Ul JOMO| 2I9M—] | DA

0}10U ING—(50'0>d) 1190

01 95u0dsal Ul §|9A3] UljNsul
"UOIIUAISIUI B3 JO PUD Y1 1Y

N4> 6vOol
0zt S1op) dsqns
SIIDWIUD WNL2120qopyIg

115dI PuUe 11950
1248 DNY pue ulnsul bunseq

N30 6v0L
HE-g /81 WiNLa120qopyig

10

N4D 8voL

HI-VINOH PUB UIINSUI BWISBld  T€-g 2A2/q WNL212pqopyig

N4 6v0L X¥'C

YNNG
wnipjupyd snjj2pqoido7]

L11OAI
pue | [DO Ul ulnsul ewse|d

0cyd+d4H
'321ydA +J4H DN 8dx3
undsy sioo] 7 'snop) i, 'gdx3
—/— 88PAW ‘|o1U0d | M €'dx3
—=/—t1ldD
'—/=%10D g0/q0 ‘q0/q0 ‘L M
SYoaM
¥ —/— ZPON DN —/— ZPON
'SHOOM 1 10J P3J-(4H |0IUOD | M
SHOIM 7 —/—
LPON ‘DN —/— LPON 's{2am
¥ 10§ Paj-04H 10AU0D | M :ZdX]
SYoaM
¥ 213qeIp PAdNPUI-Q4H M |
10} Paj-04H |0AU0D 1§ ' * | ‘dx]
SyuswRdx3 8
SH9IM 9

(HE-g 21219 "9+ A4H) HE-G
(1€-g 21219 'g+Aa4H) 1¢-9
(101303 dnsqgelp g4H) [011U0D
:sdnoin

SHOIM 8

(ono1qosd + g4H)
€LESL NS d pareas]
(jo1u0d d13geEIP 04H) [03U0D
:sdnoin
RIS

9ouel4 ‘10T [0¢] e 12 Jewy

ueder ‘010z [61] '|e 32 OpuOy

uapams
‘600 [81] [e 19 UOSSISpUY

sawo3no Juedyiubis 19430

wisijogelaw 3s0dn|6 uo s3day3

si9)owesed adue)sisal ulnsuj]  dsop pue adKy d13oiqo.id

(sdnoub jejuswpiadxa pue
uopneinp) [03030.d ydieasay

ERIVEIET ]

salpnjs |ewiue papnjpui 3y} jo uondudsag L 3|qel



Page 6 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

‘uondnpoud ajeuoidoid
pue 391eIAING PIOARY 2UNIXIW
5101goJd 3Y1 TUSWUOIIAUL
[BSOONW PUE [RUIWN] JO UOIY
-BINWIIS OJUIA Ul U] 'SPIe A118) JO
axe1dn [eunsaiul buiielolawe
'paI01SaI SEM 10133 YD 4S
9U1 JO uoIssaIdxa ‘pabueyd
SeM (s9oUBpUNQE aD2JD)
-/120q012D7 PISEIIDIP pue
aD3dD|jaudYIY PuUe pjIydiupnu
Y pasea.dul) uonisoduwod
P10IGOII elwapIdSAp pue
Ausodipe paaoidul pue ans
-s11 9s0dIpe Ul §][92 aunww
P3|9POWaJ 3INIXIW D110IG0Id

“SOUIAZUD
Juepixonue buiseaioul pue
AUAIDR 95BPIXO HJAVN Y}
Budnpal Ag sjaAs] apixoladns
|95S9A paseaidul oyl buLioisal
pue uoliele|IposeA Juspuadap
-9PIX0 DU Pa1e|2J UoDUN
-SAp [el]9YI0pUS DY BUISIOAD)
Aq pa1sabbns sem 1033
2A1103104d-[eI]2YI0PUD UY
'snieis Alolewluieyul paaoidudi
Ue paledIpul JIAI| Ul UoIssaldxa
0-4N 1 Pa5e2129p U1 ‘0S|
(S|9A3] Sd7 Pa2NPaJ) BILUSXOY
-OpUS J1|0GPIaUI PUB JSLLIE]
N6 ul uswaAoidwi ue bul
-sned> uosodwod e101gosdIw
ul sabueyd pasnpul JuaW1es|

“(Uolssaldxe auab

7 Joxdadal unoauodipe pue
J101dadal pareAnde-Jolelayljoid
awiosixosad ‘eydje Joydadal X
J19A1] Jo Uonenbaldn pue s[EA3|
SpAyap|euoiew paseaidsp
‘Uo113103s SPIde 3)Iq) SUOIS
-s21dxa 2Uab pue UOIDUNY ISAI|
JO SIJewl [eIaAdSs parocidul
PUB [9A3] UID|BD031SO Paseaidul

dnoib pajean-onoiqold  padojeasp dnoib pa1eali-as01onid

‘119dI 94} Aq paUIyuOd sem
181 AYAISUSS ulnsul Ja1ealb bul
-15966n5s ‘(50°0 > d) dnoub jo1uod
9y3 03 pasedwod dnolb xiw-q4H

31 Ul JIaMO| SBM YI-YINOH 'S2110
-1qoid yim paiealy 10U S0y 01
15BJ3U0D Ul (500 > d) ]93] ulnsul
pue as0on|6 bunsey padnpai
2InIxIUW dpoigold uess-pinw

e YIM pa3eal) sjeudiue paj-g4H

1eY3 peaedipul | 15d| J9ye DNY

“BlLUBUINSUI
u1 sabueyd Juedyiubis INoyIm
95URID|01 9502N|6 panoidwl

pUE ‘92UP3SISaI UINSUl pue
eILISDA|D [eSeq padnpal JusW
-1eai1 21301qoid ‘sdnoub |ouod 03
Jejluls sem dduewIopad asoym
‘dnolb asaqo paieali-dnoigold
ayi ueys (100> d) DNy 12ybiy
pey dnoib 35300 paieail-uoN
'S|0J3U0D Ul UBY} Q4H Jopun adjw
Ul 9510Mm 319M (50°0 > d) YI-YINOH

pue (10'0>d) 1190 ue Jaye DNy

(S00>d)

dnoub |7 9y3 ul pue |\H 1e 9due
-13]03 9500N|6 Ul JUWaAcIdW|
Yum ‘9dueIj01ul 9500N|H Jo Bul
-uasiom pajuanald dnoib 47
9yl 1190 buund (8y00=d)
dnoub |INH 9Y3 03 pasedwlod
sead D1wWadA|b ay1 pasnpal

17 3)lym ead 2s0on|6 ay3 Ul
3sea109p JuedYIUbIS-UOU B pey
473943 ‘dnoib |NH 01 paliedwiod)
"90UBID|0} 950DN|6 paliedul]

uipals
Y202j0N4D8v0L X G
6v18C-d
OWT SH2D] WnL212DGOPYIG
8r18C-S DT
SNSOUWDYJ SNJI2DQOIdLT]
“odmXiw uips-nnpy

L15d| 1348 2NV
pue YI-¥WOH ‘Ulinsul Gunsey

N4> 8v0L
11281535
SIWIOJIUAI0D SNj[12Dq0IDT]

L1590 J2ye DNy
pue Y-YWOH ‘ulnsul bunsey

N426vO0l

1190 J2ye DNy ulnsu|  bubyyz 12502 snjjIopqodnT

(urenyspnuw +a4H) sgd +a4H
(lonuod dpagelp d4H) d4H
(urensninw+Aan) sad+ai4l
(loluod aN) a41

:sdnoin

SHooM /

(onolgoid 4+ gN) pa1easn-jonauod)
(jol3uod gN) 010D
[dX3-Seam 7

(onoiqoid 4+ Q4H) paiesi-9s3q0
(lo13u02 1130e1p d4H) 95990
(ono1qoid 4+ gN) pa1ealt-[oiuod)
(joJu0d gN) [013U0D
rdx3-syeam 7|

(SEEN
€ L-|opow elwaulnsuLIRdAY) [IINH
(onnadessyi- bueyz 12502 7) 17
(soom
6-lopow eruaulnsuLRdAY) [INH
(dA1uaAR1d Bueyz-1as02 7) 47
[illlep}
:sdnoin
SHIIM €1 IO SHIRM 6

9duRl{ ‘910¢ [¢] ‘e 19 piely

ureds ‘v 10z [87] ‘|e 38 [eJoL

eulyd ‘€10z [57] fe 10 Bueyz

sawod3no Juedyiubis 1BY3I0

wisijogelaw 3s0on|6 uo s3d9y3

si9)owedsed adue)sisal uinsuj  dsop pue adKy d13oiqo.id

(sdnoab jeyuswiiadxs pue
uoneinp) [03030.d ydJeasay

ERIVEIET ]

(panunuod) | ajqel



Page 7 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

JOEN:-EIBETNENE]]
Sd1 puUe pasealdul alom SUOIS
-sa1dxa ulpnP20 pue |-uipned
‘palo3sal sem uononpold y4d5
‘PUNOJ 3I9M S[9A3| 7 Z-1| pue
0L-11434B1y pue 's|ana| L-ddJW
pue g1-11 ‘0-4N 1 Jamo] ‘0sy
JaAI| 943 Ul spidi) Jo uoeinw
-nd2e ‘s|so1eals deday ‘Uedb

1yb1am Jamoj pey dnoib pareai|

"PIAIDSCO OS[e 2IIM BNSS[
asodipe Ul D-4N | PuUe ‘9seyiuAs
pioe A1ej ‘A 1oydadal paeainoe
-lo1esayljoid swosixoiad jo
uolssaidxa pare|nbatumoq
‘sabeydoioew |eauoiad
PR1B|NWIIS-S4T Ul UOIBAIIDR
GH-4N palqiyul jusuiesl]
“U0J02 31 Ul SUOISSaIdxXa UI)
-oud uonounfiybn pue g-7|
Buisealdul pue suolssaidxe
J1-71 pue p-4N L Buiseanap Ag
uoleWWelyul padnpai d1010oId

Jalleq
|eunsaiul buiroidwi susb
-oyled paseaidap pue ea1deq
onolqoud jo uoiuodoud ayy
P2101S2J JUSW1e3I] "SIS01e]s
dieday a1enuaiie 01 buin
-Q1I3UoD saNssi dieday pue
asodipe ul suoissaidxe ausb
pa1e120sse-Alojeulwelyuiold
pasealdap pue anssi asodipe
ul uonesyul sbeydoioew
paseadul ay3 passaiddns
A3y "3|yo.d pidi| panoisdu
pue ureb 1ybrom pasnpai

sonoiqoid pazi|yoA| 10 Al dnoub g4H Ul 1aybiy sem Yl-yINOH

“elUIRUIINSU

Bunse) pasnpai e yum AUARISUSS
UlNSuUl 19119q A[9Ane|2) pue
90UeI3|01 9500N|6 parocidwi ue
pajeanal dnoib pa1eay Joy | ||

pue | |90 Jo aduewopad ay]  -49|01 950on|H pue ulnsul bunsed

(500 >d) elWBUINSUI Ul 95BAIDU
91 padnpai Jusuiesil dholgosd
pUE S[9A3] UlINSUl paseaidul

A4H Ylm pej sfewiuy ‘a4

YHM D1 ur3ou Ing (500 >d)
d4H Jspun sjewiue Ut | |50
Jaye DY pue asodn|b ewsed

pPoonpal 1Usuieall D110IqOId

(500>d) £9241 paziiydoA| 1o
SAI| JO UoneNSIUIWPE AG PadNpPal
2J1om dnoib g4H ul s|oA9] 950dn|6

pUe Ul|NSU| pasea.du| "paAIasgo
219M ‘s21301gold INOYIM JO Yum
‘sdnoib |011u0d € 3Y1 JO S| | DO
U] S9OUIBYIP ON "dSeadu]
RILWSIA|D padnpul-g4H paie
-NUaMIe €977 PazI|IydoA| Jo an|
JO UOIBASIUILIPE 18] P3|eaAdl
1190 Ul $anjeA dIWadA|9 'sdnoib
|0JIUOD 33 U32MISQ ISP 10U
pIp 31 *(50'0> d) sonoigoid anlj 1o
pazl|IydoA| Yum Syusuieal Jaye
pa5NPaJ ING SUO [0J3UOD Ul URY}

N428v0L X ¢
L'ELEODDNDD
winouAINg Wnipuiso;D

1190 pue | || bupnp asue

1190
1314 DNV puUe ulnsul bupseq

N4D6v0L
/90 1305 SNjj120qO1o07]

N4D6v0L X
anr

(€9217) £9Z-INWD
1421Nnal $n||1>bqoldDT
N4D6v0L X ¢
Pazij1ydoR/pa(iy-109H

(€927 )H) £9Z-TNWO
1121Nnal $n||1>bqoldDT

11950 34e DNy
pue Y-yWOH ‘ulinsul bunsey

(onoigoid + a4H) 91-d4H
(101103 dnaqgelp d4H) A4H
(loauod gN) AN

:sdnoin

SHeaM 7|

(LONO 124Ds 77+ A4H) £9-A4H
(|onuod dnaqgelp a4H) d4H
(£9NO 124ps 74+ AN) £9-041

(louod aN) a41
:sdnoin
SHIIM G

(A1 €921
1231 7+ d4H) €9¢47 M+ a4H
(OIH €921
133l T+ A4H) €9T T MH +a4H
(|011u03 d113qgelp d4H) 4H
(NI €921
Ha1nal 7+ AN) €9¢471+ [0nuoD
(MH €9¢)7 Lainai
7+ AN) €947 MH +|01u0D
(jo;uod gN) |0uoD)
:sdnoin
SHoIM 7|

BUIYD ‘9102 [S1] [ 39 Bueys

3103 '910¢ [1€] e 12 Wi

uemie] ‘910¢ [6¢] ‘[e 12 YaisH

sawo033no Juedyiubis 18Y310

wisijogelaw 3s0on|6 uo s3d9y3

si9)owedsed adue)sisal uinsuj  dsop pue adKy d13oiqo.id

(sdnoub [eyuswiiadxs pue
uoneinp) [03030.4d ydieasay

ERIVEIETE}]

(panunuod) | ajqel



Page 8 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

‘sia1oweled
9533 U0 103)J2 OUu pey [o|g
‘(93198 A|[B1D3dSI) S|OAI)
V42S pue [-d19 posealdul
pue UOI1B|NUWINDIIE 1B} [RI3DSIA
paonpal ‘Wnia1oeqopyig
BudueyUS B10IGOIDIW IND
Bupe|npow Aq siapIosip 21|0q
-e12W panoidwi Juswieasl Helg

“upda) pue
u1R104d BUIPUIG-S4T JO S|oAI]
paseaIdIP Pue [0121501IS-¢g pue
|049yd0203-D Se yons $1010ey
AJO1eWWelul-ue Paseasdul
AQ pa123|J24 UOIBWIWE|UI
9peIB-MO| Ul pU '$59115 WIN|
-nonal olwsejdopua bupelas)je
—23[2SNW pue JaAI| Ul 1odsuesy
pue sISaYuAS pioe Aney 01
paie|al suoissaidxe ausb pue
ssew 1ej ‘uteb 1ybram Apog ul
UOIIdNPaJ PIONPUI UONUSAIDIU]

‘uoluanIRIUl dnoigosd
AQ pazi[PWIOU pUB PIdNP3I
2J9M J9AI| Ul UOISsaldxa auab
SIS9Uaboau0dN|H pue ‘sisausb
-od| (L-dDW pue 9-11 'D-4NL)
Alorewiuleyul jo suonduosuel|
"3Nssi} 1) Ul udauodipe 104
uonduasuesy pasealdul sdnoib
nojgoid g Jay10 ay1 ‘oo
10} 1d90X3 "PaAIasqo os|e
UM S|IA3| S47 pPaseaIdsp
pue siaxtew uondun(iybin
10} uondudsuel} paseanuy|
‘SI9BIBU $S21S WIN|NdNRAJ
diewsejdopus paioisal pue
SloA3| L-d1D pazijewdiou ‘spidi|
pacnpal (6895DDLN AJfed
-9dsa) SUOIUAISIUI D130IGOId

'sdnoib

7158 94} UM Pa1da1ap
Sem 2dUaIRKIP JuedYIubIs ON
'sdnoub rojg pue |0J3uod dagelp
03 pasedwlod uaym (500 >d)
dnoib oejg ul | |90 Ag passasse

2oueI9|0} meuj_m ul HC®E®>OLQC\__

'sdnoJb om1 ay3 usamiag
9|gesedwiod Sem eluIsulNSUl
Bunseq (100 >d) 2dueI|01
9500N|6 Ul JusWaA0IdWI pamoys
115dI 1P piepuels e yim pay
921W 01 DJIYdIUPNW Y YUM UO1
-pluswalddns ‘asoon|b ewseld

Bunsey ur abueyd ou aydsag

‘dnoib |011u0d g4H 10U

g LI 19ye DY ay3 paroidul
sonolqoid 1o sbrup yum palean
sdnoib |1y (50'0>d) 1190 bul
-INP S|9A3] 2502N|6 Ul SUOIIdNPaI
pey undijbepiA 1o uiuioaawW
'689SDD1IN "D Yum paiesin
sdnolo) °|0Ju0d g4H Ul 10U Inq
sdnoib pajea jje ut (500 >d
"YI-YWOH Ul uononpal) AIARISuas
uljnsur Ul uswaAocidwl Juedyiu

-BIs e sem 21943 '$H2aM 9 ISy

1150 91 DNV pue ulnsuj

115dl

1248 DNY pue ulnsul bunseq

111 buunp asue
-19|03 9502N|6 pue | |HO Jole

DNV 'I-YWOH ‘ulnsur bunseq

N4> 6vO0L

(roig) 1Z1ztnor
wnbuol WnL190qopYIg
N4>6vO0L

(501g) 505109
SO0 WN12120qopyIg

N428v0L X ¢

DIYdILPNW DISUDULIYYY

N4D6v0L X G'L
(689501 141
winuawiay snjjiopqolony
N4D6v0L X G'L
(069500.11) 16d7
wnipup|d snjj120qony
N4D6v0L X G'L
D)

SNSOULIDYJ SNJI2DqOIdLT]

(LZLTLWDIr wnbuoy g) rolg A4H
(5057109 s12p) °g) Oelg d4H
(]o11u03 dnsqgelp d4H) a4H
wzdx3

(S0S¢1D9 s1op; °g) Delg a4H
(louod dnagelp d4H) A4H
(101u0> gN) ADN

(1dx3

D EEYe)

(ono1qosd gN) d+adN
(joU0d AN) ADN
:sdnoin

Sjoam G

undijbepjin+d4H

ulwliojlow +a4H
(6895DD1IN snsou

-wbyl 7+ a4H) 689S DDLW-A4H
(0695DDLN snsou

-wbyl 7+ a4H) 069S DDLW-d4H
(9

snsouwpys 7+ d4H) 591+ d4H

(louod dnegelp) a4H

(jouod aN) AdN

:sdnoin

SHOOM ¢

ueder’Z10z [1¥] e 1 poy

eUIYD ‘£ 10T [97] ‘|e 12 oYz

elpu|
‘9107 [€€] [ 12 Jewneleg

sawod3no Juedyiubis 1BY3I0

wisijogelaw 3s0on|6 uo s3d9y3

si9)oweled adue)sisal uljnsuj

asop pue adA3 dnoiqoid

(sdnoab jeyuswiiadxs pue
uoneinp) [03030.d ydJeasay

ERIVEIET ]

(panunuod) | ajqel



Page 9 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

"PUNOJ 219M (21eJAING pue
91L1228) Y4DS Jo uononpoid
panoidwl pue $21apJ0a1o0g
-01-521N21ULil{ PISEIDIP
‘0S| $|92 $19|S! JO AI9A0DRI
e pamoys Abojoisty seaidued
WNYW 1] € 9SBUD| 9SBYIUAS
Uab0A|D JO paseadap pue
sauab aseyiuAs usbodA|b pue
aseu}-g-jousouljApneydsoyd
JO suolissaidxe pasealdul
JUSW3eal} D010l D-1dH
12ybIy pue s|aAs| 2-1Q7 pue
9-11 "0-4N L ‘unda) ‘uigojboway
pa1edA|6 ‘950on|6 [eipueldisod
pue bunsey somo| pey dnoib ]

‘PUNOJ 2J9M Of3e)
$219pI012}0Dg-03-S22NJIULII
paseaIdap pue (31eiAINg
pue 3181328 Ajulew) y4S Jo
uononpold paroidw) 's||2
1351 JO AISA0DDI B PIMOYS
ABOJ01SIY SeaIdURY "YNYW B1q
€ 95euI| 95BYIUAS UDBODA|D JO
Pa5e129p puUe SIUSL ISBYIUAS
Ub0JA|D pue aseuny-¢
-JousoulApireydsoyd Jo suols
-sa1dxa paseanul JUsWIeas)
2110140l 'SjaA3] >-1aH Jaybiy
pue d-1g7'9-1) "O-4NL ‘unda
‘uigojboulay paiedA|b ‘9soon|b

ewse|d Jamo| pey dnoib ]

'S1Nsal Jejiwis 3ybnouq auoz
-e)|boid pue d1301001d "9dUeI|0}
9502n|H6 paileduwl 3y alelolpwe

pue elwadA|biadAy Jo 195U0 Yy
Aejop p|nod dpoigoid ay3 1eyy
Bunsabbns ‘| |DO Jaye DNV

2500N|6 Jamo| uedyjubis pamoys

dnoib 57 901w dnagelp ut Al
-AIIISUSS Ul[NSUl U] Juswianoidwl
Bunesiput (500 > d) YI-YWOH
Ul S9SBID9P PIMOYS S|euliue

|013UOS 10U 1N Pealeall D1101q0Id

‘dnoJb |01U0d d11geIp
01 pasedwod (500 >d) DNy pue
ulinsul buisey uj suoidNPal

1uedyiubIs pey sdnoib pareas|

111 buunp a>ue N4> 6v0L X 8
-19]01 9500N|6 pue | |90 Jaye 61¥NHDD
NV ‘YIFYWOH ‘ulnsul bunseq 195D SNj|120qO1DT

N4> 6ol 0l 0156
/I1D0DN
snsouwbyi snjjiobqoonT
n4D> bojsgo1g
1190 59
131)e DY pue ulnsul bunseq snsouwbyi snjjiobqoldDT

(12502 7+ Q4H) D1
(cuozey|boid + q4H) d
(jolxuod dp32geIp d4H) Dd
(102u02> AN) DN

:sdnoin

Syeam g

(£1DaDN
snsouwpys 1+ J4H) 21 +d4H
(9
snsouwpys T+ d4H) 591+ A4H
(101u03 d1agep A4H) WS +ad4H
(jol3uod gN) 00D
:sdnoin
SH9IM 9

BUIYD 10T [C€] R 101

eIpU|Z10T [#€] "[e 38 ybuIs

sawod3no Juedyiubis 1BY30

wisijogelaw 3s0on|6 uo s1day3

si9)oweled adue)sisal ulnsu]  3sop pue adA) dnoiqoid

(sdnoub jeyusawiiadxs pue
uojjeinp) [03030.d ydieasay

EaIVESET )]

(panunuod) | ajqel



Page 10 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

S|OAI)
5-1aH $ayb1y Apuesyiubis pey
sdnolb pajeasy dnagelp (e pue
'S|9AD] |012153]0YD [e10} Jaybiy

dnoib Q@ 's|ans| sopladA|bLL
1ayb1y Apueoyiubis pey sdnoib
NG PUe dd ‘23 "L-d 19 pue
|-101IqIyul JoleAide usbou
-lwse|d ‘YA ‘Sd140 sjnd)|
19Mmo] Ajpuedyiubis pey osje
sdnolb Q@ pue dd 1 3|iym

(S00>d)

|0J1U0D UeYl yead DIWRJA|D J1amo)
e pey dnoib uiuiopaw Ajuo
‘1190 buunp sdnoib >noigoid
d4H 2Y31 U9aM13q PaAlasqo

Sem sanjeA 3s0dNn|H pue ujnsul

Ul 92UJa1p JuedyIubis oN N4D pazinaised gyl X §

(Uiwlopiew d18geIp d4H) Wd
(opydiupnuw 'y paz|

-ina1sed gy 01 X G-212Gelp) dd
(ogdiupnu y )|

9v0L X §-350p-MO| dhadelp) 1d
(ogdiupnu y )|

8v0L X G-as0p-ybiy dnagelp) HAa

(j013u03 d13geIp A4H) DA
(onyds
-UPNW 'y 3AY §y0L X G—ISOP
-yb1y [ewiou) HN

S|9A3] D-4N L pue U2b0dA|6 (100°0>d) sdnoib g4H uew 10 N4D 9N 9vOL X § (10203 dN) DN
oieday Jamo| Apuedyiubis siead JIWadA|H Jamo| pue suon 1190 10 N4D 9N 8vOL X G :sdnoin
pey paiea sdnolb dnagelp ||y -enidny Jap|iu pamoys sdnoib DN J2)ye DNV 9502N|6 puB UINSU|  DIYIULNW DISUDWLIYYY SH9aM BUIYD ‘8L0T [£7] | 18 bueyz
‘S|ewiue paj-[ewou
Jo J919weled Aue abueyd Jou pip
UOIBASIUIWPE D110190Md 4d0Id
Ul ALAIISUSS Ul[NSUl PR101Sal
AjlenJed juswiesny dnoigoid ‘os|y
‘S|ewIue [03u0d 01 pasedwiod
"90UR1SISa) Unda| pue UlNsUl  S1eJ UoISNJUl 9502N|6 Ul UoIINPa) (lood onoigqoid +g4H) 9doia
SiweleylodAy ul Juswanolduwl 1918316 B pRgIyxs dnoib 440Ia Yo02 N4D 8v0OL X 9 (louod dn3GeIP d4H) 4d0Id
Ue padNpul pue UonewUIRyUl “(lonuod g4H) 4d0Ia ueyl so|y dwiepd J1wadA|bns IWiNpYIq wnla1>0qopylg (lood onoigosd +aN) gdd
9peID-MO| DIWISAS ‘Uoiy -oud ulnsul pue 9s0on|H 193199 S1uaulNsuLadAy buunp a1el ‘snjiydopiop snjj1ppqgodD7] (jo1uod gN) D
-ed0|suell S47 ‘Aljigesusd pey sjewiue (sono1qosd + g4H) uolsnyul 9s00N|6 pue | |H4| ue ‘snsouLDy :sdnoi9 1zelg
[PUNSSIUI PAI9AOI3I SI1101G0Id 9d0IQ ‘L1Dd| 01 pa1Iwagns J12)4e DNV 9502N|6 pue ulnsu| SNjJ120q012D7 JO XIN SHIOM § /102 [£4] e 12 1)|010DRY
'9-11 pasea1>9p pue (vadn
pue xdo ‘euonein|6 ‘gos)
SIDYIPUI SAIIBPIXO SS11S Apued
-YIubIS paianoal 950p aules
9YL 2-1Q7 PUe [0J2159]0YD
|€101 ‘S9pLIRA|DLIY Ul uodNPaI
Juedyiubis pey 3sop N4 6v0L
9y3 Ajuo 1nq ‘sjyoud pidi| ul
1usWaA0IdWI SWOS pey d1oIq
-01d JO $350P ||/ ‘PadNpal onel (0LvOL /250274 A4H) 0LvOL
$319pI0J212Dg-01-521NJIUWLIIH (6v0L 12502 74+ Q4H) 6v0L
pue (S9s0p N4D 0LvOL pue ‘N450LvOL ueyi soue (8v0L 12502 7+ d4H) 8vOL
6vO0L 18) Pasealdul aJom  -1sISa) ulnsul buiroidwi Jo Aujige (puozey|boid +g4H) d
S|9A3| 1-d1D pue 21eiking 19119q pamoys N43 6vOL pue N4O0Lvol (10:3u02 d133qeIP J4H) W
916190y S|[9213|SI U1 S19943 v 0L JO SISOP d110Iqoid (SO0 > d) 106v0L 108vOl (100> dN) O
9A1123101d pue s|ans] D-4NL HI-YWOH Pue [9As] ulnsul DNy 1190 Buunp DNy 8s0on|6 61# W40 'sdnoig
Jomo| pey sdnoib dnoiqold  9502N|6 JSMO| PadNPUI JUSWIeS| pue YI-YWOH ‘ullnsur bunse 135D $NJJ120qO1ODT SIPIM L PUIYD /10T [91] |e 10 Bue
(sdnoab jeyuswiiadxs pue
sawodino Juedyiubis JIsylo  wsijoqelaw asodn|b uo syoay3  sivrsweded aduelsisal ulnsu]  asop pue adA} dioiqoid uoljeinp) [02030.d ydleasay ERIEIETEN]

(panunuod) | ajqel



Page 11 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

"PUNOJ 1M
| 40108} Ja10W0.d UlNSuUl pue
Sauab ulNsul JO SUoISSIAX
19yB1Y ‘0S|V "S|9A3] SUIN0IAD
Al0o1PWWE|U| PISEIIDSP pue
JUSIUOD Y4DS 810} pue usb
-024|6 19| ‘apndad-D 2-1gH

PaseaIdoUul UOIIUSAISIUL D130IG0Id

'S|oA9| 918UO
-idoid pue 21e1AIng pasealdul
UM PI1BIDOSSE SBM LDIYM
‘snsouwby. 7 AQ pasianai
ApJed 1ses) 1e aq ued 11 Jeyy
pamoys uoiuaAIalul dolqo.d
9y "UoePWIUIR|UI [PSOINW
pue d1Wa3sAs buluasiom g4H
YUM S9ZIBISUAS DIYLIOMSPOM °g

"2]0IOIDIW [PUIISIUI
Ul S10343 [ePYauUaq pey pue
SOPLIRA|BI JSAI| pUB SapLIBYD
-desAjododi| bulie|nid ‘spAd)
S9pLRA|BL] pUE |0I153|0YD
‘sseul 1ey Apoq [ewApipida
‘uteb 1ybram padnpai s||9d el
-910eq Paz||1Ia1s JO siusws|ddng

-ased||
ura10idodi| Jo uolssaldxe
panoldull pue aseupy uiaioid
PR1RAIDE-dINY PUB SSBULY
u19104d-2UIUOIY1/2ULISS ‘T
91eJ15gNs 101dadal ulnsul Jo
uolssaidxe dneday parenbai
/0S|y "L-dD pue z-uijedodi|
‘unds) ‘e-uter04d Bulpuiq J0)
-2e) Yamoub aylj-uljnsul ‘uiioid
aA110BRI-D ‘saupjodipe pue
S9PLSIA|OL1 JO S|9A9| PadNPaI
pue uteb 1ybram parenuaie
A|BU0IS UORASIUILIPE U7

‘uonew
-wepul bunenusne AQ UONID3S
ulinsul paAoidul Uopessiuiwpe
onolqoud ‘sjewliue diagelp ul
I9ASMOH 'sdnolb ussmiag
1941 10U pPIP ‘[ |DO 03 dsuodsai

Ul pue ulnsul bunsey ‘yiog

4 mg

d4H UeY} [013U0d D1WA|6 J912q

e MOYs 01 (850'0 =d) papua
(onoigoid yum parean pue iyl
-IOMSPDM °g JO 9dUBpUNGE YIIM

2IW) 4T+ Mg Q4H 18yl pa|eanal
13yuny 1190 Ag pauteiqo dny
“YI-YWOH pUe ulnsul ‘9s0on|6
ewse|d bupse) ul suondNpal

Juedyjubis padnpul 21301old

‘PUNOJ SeM 3DURJIHIP JURdYIUDIS
ou sdnoib Jay10 uj Juswieas
onolqoud uayye sdnoib Oot-a4H
pue 00z-a4H ‘'Yioq ut (500> d)
92UeJ3|01 95020N|6 puUe 3oUR)SISI
uliNSUl Ul JUsWISA0IdWI PIMOYS

L1Ipue | 150 Woy paulelqo sony

‘Apuedyiubis

paonpal ||| puUe | |50 Wol
pauIeIGo sONY 'BuIPa9) 04H

Ag paanpul anjeA Y-yINOH
PaseaIdUl 91 JO UONINPaI %9 Ot
e padnpul ya1ym dnoigoid yum
paieai sdnoib ur Ajpuedyiu

-Bis pasealdsp s|2A3| ulnsu|

1150 6}

9suodsal Ul pue ulnsul buise

11950 °94e DNV

pue y|-yIWOH ‘utnsul bunseq

111 J34e DNy 9s02on|6

pue 1150 4o1e DNV Ulnsu

11 Bunnp asue
-13]03 3500N|6 pue | |90 Jaye

DNV "HI-YINOH Ulinsur Bunseq

N42 £v0L X9

(§50297) $50C
1gS 1assvb snjj1ppqoIDT

N426vO0l

069€-1 WOND
SNSOUWDYJ SNJI2DQOIdDT]

Bx/6w 00t 40 B3/6w 00z
pazijiials 801-4d
wnbuoj wna120qopylg

N428v0L X §
Ul
wnipup|d snjjIPLgoILT

(onoigoid +a4H) SS0791
(10u03 d113qeIp d4H) [0AU0D
:sdnoig

SHOIM €

(snsoutpys 7+ biyiom
-spom g +d4H) +11+mg d4H

(o1yriomspom g+ g4H) +mg d4H

(D1y2ioMspomg

MO[—|0NU03 dN3qeIp d4H) d4H

(jonuod aN) >
:sdnoin

oM

(asop by/6W 0oy
snoiqoud +Q4H) 00v-A4H
(asop by/6w 0oz
snoiqoud +Q4H) 002-A4H
(jlonuod dpagelp d4H) 1D-a4H
(asop B3/6w 0ot
onoiqoud +an) 00F-Moyd
(lonuod gN) 1D-moyD
:sdnoig
SHOIM ¢

(U7 wnipupyd
7+ 219qelp d4H) vu1+d4H
(]011u03 dnsqeip 4H) d4H
(joluod N) |012U0D
:sdnoin
SHIIM G

ueder ‘g0z [S€] "|e 32 OGIIN

aouel
'810¢ [1¢] '|e 12 pepiAneN

ueder
'8L0T [0F] "33 Iy2myiy

©3103 ‘8107 [£] 12 12 937

sawo033no Juedyiubis 18Y310

wisijogelaw 3s0on|6 uo s3d9y3

si9)owelsed adue)sisal uljnsuj

asop pue adA3 dnoiqoid

(sdnoub [eyuswiiadxs pue
uoneinp) [03030.4d ydieasay

ERIVEIETE}]

(panunuod) | ajqel



Page 12 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

"PIAIDSCO
2I9M 011l S213pI0J21oDg
-0]-531N21ULIIH PRSEIIDDP PUR
uondnpold y4Ds parocidu
‘0S| 'S||92 19|51 JO A19A0DD)
pamoys ABojo1sy seaidued
YNYUW B1G € 95eUI| 9SBYIUAS
U3b024|H Jo pasealdsp pue
sauab aseyiuks usbodA|b pue
3seupy-¢-jolisouljApneydsoyd
4O SUOISS2IdXD PaseaIdUl JUSW
-1e311 21301q0ld 'S|AR| O-1aH
12461y pue pue 51079l
O-4NL ‘Unda) 21 ygH ‘9s0on|b

ewse|d Jamoj pey dnoib ]

‘panosdwl

Os|e 2I9M (2-]Q7 PUE |0J9153]
-0y [e101) si232weled pidi]
"uoldUNy SAINUDOD PaI0ISal 0}
Buipea| uoeae (el boiu
Se ||om Se ‘pasealdap Ajjuedyiu
-Bis a1om sjsoydode pue

ssau1s aanepixo jeduwedoddiy
“UOIIDUNYSAP [BLPUOYD0YIW
uleiq pajenuaiie pue Aydnseld
|edwedoddiy paroidwl yim

(na 1 1) ssuo
pajuawa|ddns sy buowe aoua
-1ay1p Inoyum ‘(€ 10'0=d) dnoib
ysg a2y 01 pasedwod dnoib oo

-10oid Y3 Ul pasealdul [9A3] Uljnsu|

ujnsul wnias

N4> ZvOl
»108 D1y
wnipjupyd snjj2pqoido7]

(Weys d1sgelp a4H) Yysa
(Ono1quAs +onagelp a4H) 11a
(Onoigeid +onaqelp d4H) 1Id
(onoigoid +onsqeip a4H) 1d
(jo13u0d dp32geIp d4H) DAd
(loauod gN) DH

:sdnoin

oM g

(o1n01quAS + g4H) D4H
(enoigoid +a4H) Od4H
(onoigaid +Q4H) 3d4H

(10u03 dnagelp d4H) AJH
(o1n0oIquUAS + [011u0d gN) DAN
(Onoigoud + jonuod dN) OdadN

uel|
'810C [8€] '[p 19 IPaYSION

‘sixe ulelg-nb ybnoiyy uon (S00>d) (onoigaid + j01u0d gN) 3danN
-dunj uonubod ‘uolewIWEYU Apuesyiubis paseanap | 190 N428vOol (1013u03> ON) AQN
DIWRISAS pue IND PaloIsal 191je DNV Y3 pue Y-¥INOH 1190 12ye DNy LOIIH :sdnolig pue|iey|
sdnolb pajuswaiddns ||y ‘|9A3] ulInsul ‘sdnolb pajeals Uy pue Y|-¥IWOH ‘ulnsul bulise 1250201Dd $N|J|120qOIODT SYoIM 7| ‘3107 [£€] "B 32 leYDUNYD
(ono
'PIAISSGO Sem Ol1ed 52Joploa] -IquAs +d4H) SOX + LOIIH d4H
-2Dg-031-S21N2jULI{ Ul 9583109 (>noigaid + g4H) SOX a4H
B 0S|y S[oA3] [011s3j0YD-1d ] (S00>d)dny (onoigoid + Q4H) 1aspopivd 7 g4H
pue [e10} pasealdap Aq 9500N|6 ewse|d pue Y|-vYIANOH (joJu0d di3geIP) A4H
pa1edipul se elwapIdijSAp pale  ‘ulnsul paseaidap AQ paiedipul se N4D 8vOl (joauod gN) an
-nuane ‘djyoid pidl paroiduwil ANAIISUSS UlINsul paAoidul] 2110 1190 3ye dnv LOIIH :sdnoin pue|iey
dnoif parean donoiqosd  -1goid yum paiuswsiddns sdnoin pue Y-¥WOH ‘ulinsul bunsed 12502010d SNj[15DqOIIDT SPPsM L '8107 [8] |2 39 wuuR1y ]
(sdnoub jeyusawiiadxs pue
sdwod1no Juedylubis 1I9YlQ  wisijoqeldw 3sodnjb uo s1oay3  si)oweled due)sisal uljnsu]  3sop pue adA) dnoiqoid uoijeinp) [0>0304d ydieasay ERTEIETEN|

(panunuod) | ajqel



Page 13 of 24

(2020) 12:98

Salles et al. Diabetol Metab Syndr

10328} SISOII3U JOWN} :0-4N | ‘BseInwsip apixosadns :qOS ‘asenwsip apixosadns :qOS ‘p1de 11} uleyd-1oys 14§ ‘1593 92ueIa|03 3500N|6 [eJo 1] | DO ‘g eddey J03oey) Jeajdnu :gi-4N ‘331p |ewlou
:aN ‘opAyapleipuojew :ygi ‘1-u23oid jueideIROWSY d)Ad0U0W :|-dDN Dp1eyddesAjododi| :547 ‘uieoidodi| A1sUsp Mo| -1 “1S33 9DURID|0} 9500N|6 SNOUSARIIUL 1] | DA| 11S9) URID|O} UIINSUL ] || ‘SOUR)SISa4 Ulnsul
:y| 1359} @>URI|0} 9502N|6 |eauoIadeIIUI 1| | D] ‘UINNS|ISIUI S| FUSWISSISSE PO SISRISOWOY “YINOH 331P 38} yBiy :g4H ‘uierosdodi) Ausuasp ybiy D-1aH ‘L-apndad ayi-uobesn|b : | -4 DAINd Y3 Japun eale DNy

SISOy Butuodisod ‘asepixo
dujWeouoOW pue g|-7| ‘0-4NL
oneday pue wnias ‘ajyoid
pidi| ul syuswiaAoldwl pamoys
sdnoib pajeal] ‘sjewiue
P31e313-21301qUAS Y3 Ul Ajujew
P2I01S3a1 2I9M (|-UIpne|d pue
|-Ulpn|220) sulaioid suonoun(
1yb1 Jo uoIssaIdxa pue (YdVIN
8ed ‘P-IN ‘P4 1L) shemyred
Aloyeulweyul ul SUoOneIS Y

RUC/IETREN
|-d71D paJo1sal pue uonduny
Ja11leq |eunsalul 'suolenusd
-U0D $3pLDA|BIY pue aseld)

-SueJjoulule suluee 'sIS01eals
19A1| panoidull dnoib d1301qo.d

‘uolIssaidxa aseujAxoqued
a1eAnAdjousoydsoyd paiel
-Olj2ule pue sauab [-dDIN pue
g1-11'9-11 '0-4NL JO suoissaidxa
pue 3SeUP [PUIWISI-N UN[-D
pue gy-4N Jo uone|Aioydsoyd
'S|9AS] SdT pedNpal Sy L
‘uonduny A3Upp Janaq e o}
Buipes) ‘sisoxdode pue ssais
wnnanal dlwsejdopus ‘uon
-eUWERUl ASUPDY PUB DIWSISAS
pue (2-137 pue SapLadA|bLI)
eiwspidipiadAy paysiuiwip
uolneyuswa|ddns 21301qo.d

‘panosdull

Sem | |54 4814e DN 25026 sy
pue sanjeA aul|aseq 0} pauinial
YI-YINOH PUe S[2A3] uljnsul

‘sdnolb pauswsiddns € ayi uj

"DIW parusw
-91ddns-uou ay3 ueyy AUAIISUSS

uljnsul 21129 e pamoys pue
9dueJedD 9500N|6 pUe YI-YINOH

panoiduwl dnoib 11enal 1 g4H sy L

(500>d) 1190 buunp

S|oA9] 9500N|6 ewse|d se [|am
se ‘uonejuswalddns dpojqold
Buimol|oy Apuedyiubis pasnpal

QUM HI-YINOH PUB [2A9] Ulnsu|

L15d| 1338 oY
pUE YI-YIWOH ‘Ulinsul Bupsed

11| Bunp aoue
-19|01 9500N|6 pue | | DO Jaye
DNV "dI-YIWOH ‘utinsul buriseq

1150 01 3suodsal
pue y|-yIAOH ‘ulnsul Bupise4

N426v0L X '¢
SLLIN
19502010d SNj[120g01D7]

N42 6v0Ll-ccos

[ WOND
131N34 SNj|IPDGOIIDT

N428vOol

LOIIH
JaspoDIDd SNJj1DDQOIdLT]

(14 SO4 + @4H) son0IquAS
(SO4+a4H) so4
(SLLIN+Qa4H)

(louod dnagelp d4H) A4H

(lonuod> gN) AN
:sdnoin
SEEINC]]

(onoiqoid +a4H) 4amnal 7 A4H
(101103 2113GeIP Q4H) SHIA A4H
(onoigoid +aN) #awnal 7 ad
(louod @N) SYW dd

:sdnoig

SYoaM 7|

(Onoigoid +a4H) T4H
(jonuod dnaqelp) 4H
(onoigoid +aN) 1aN
(jonuod AN) AN
:sdnoin

SHOOM (|

BUIYD '610¢ [6€] e 39 OBA

2duel4
‘8102 [0€] '[e 19 pepiAneN

puejiey
8107 [9€] '[B 19 leyduEM

sawo033no Juedyiubis 18Y310

wisijogelaw 3s0on|6 uo s3d9y3

si9)owelsed adue)sisal uljnsuj

asop pue adA3 dnoiqoid

(sdnoub [eyuswiiadxs pue
uoljeinp) [0>030.d ydieasay

ERIVEIETE}]

(panunuod) | ajqel



Salles et al. Diabetol Metab Syndr (2020) 12:98

or multiple-strains probiotics, treated arms showed
improvement in the glucose metabolism.

Additional findings obtained with single-strain probiotics
Lactobacillus In a Swedish study of HFD-fed mice sup-
plemented with L. plantarum, the lack of response only
to intravenous glucose tolerance test was attributed to
the administration route that was unable to stimulate
glucagon-like peptide-1 (GLP-1) and insulin release [18].
L. plantarum was also used in a Korean study after having
been selected from 426 strains [7]. Reduction in insulin
resistance parameters was accompanied by cellular evi-
dence of improvement in insulin signaling and expression
of genes involved in inflammation.

An intervention with L. casei in fructose-fed hyperin-
sulinemic mice increased abundances of Lactobacillus
and Bifidobacterium and decreased Clostridium. A lower
insulinemia during oral glucose tolerance test (OGTT)
was associated with GLP-2 reduction mediated by Bac-
teroides fragilis [25]. Benefits in markers of liver function
and gene expressions were also observed.

Administration of L. coryniformis to HFD-fed mice
induced vascular benefits that could be related to changes
in microbiota composition and intestinal permeability
with reduction in metabolic endotoxemia [28].

In a study conducted in Taiwan, lyophilized and live
L. reuteri supplementations increased Lactobacillus and
decreased pathogens’ abundances improving intestinal
barrier. Both reduced weight gain and induced improve-
ment in lipid profile and hepatic steatosis, inflammation
and gene expressions associated with insulin resistance
[29]. L. reuteri was also used in a French study which
evaluated the effects of its supplementation and an Aryl
Hydrocarbon Receptor agonist, previously associated
with MS [30]. The supplementation improved glucose
metabolism and hepatic alanine transaminase levels.

In a Korean study, HFD-fed mice supplemented with
L. sakei gained less weight and epididymal fat, reduced
inflammation and improved the intestinal barrier
(increased gene expressions of tight-junction proteins)
[31].

Two studies regarding the effects of pioglitazone and
different doses L. casei in diabetic mice showed compa-
rable reductions in insulin resistance, TNF-« and IL-6 at
10° CFU dose [16, 32]. Probiotic-induced improvement
of glucose homeostasis was associated with increased
abundance of Lactobacillus and Bifidobacterium and
SCFA levels. Histologically, probiotic intervention pre-
vented pancreatic islets degeneration and/or induced
regeneration.

A study comparing metformin, vildagliptin and
three strains of L. rhamnosus (GG, MTCC5690,
MTCC5689) improved areas under the curve during

Page 14 of 24

insulin tolerance test and OGTT, except for the HFD-
MTCC5690-treated [33]. Probiotics improved intestinal
permeability, increased adiponectin and reduced inflam-
matory markers. Metabolic benefits achieved with probi-
otics were similar to those obtained with metformin and
vildagliptin.

An Indian study in diabetic mice found better effects
in glucose metabolism, lipid profile and markers of oxi-
dative stress with L. rhammnosus NCDC17 than with
L. rhamnosus GG supplementation [34]. The former
induced reduction in inflammatory markers (TNF-a and
IL-6) and elevation in expressions of adiponectin, pro-
glucagon and prohormone convertase genes.

Lactobacillus rhamnosus was administered in HFD-fed
mice to reduce Bilophila wadsworthia abundance which
is associated with MS [21]. Supplementation prevented
the B. wadsworthia increase in parallel to the benefits
in glucose metabolism, but only under condition of high
abundance of these bacteria, probiotic ameliorated the
consequences of HFD.

In a Japanese study that used the strain L. gasseri in
fermented milk, the supplementation increased insulin
secretion by the suppression of pancreatic and systemic
inflammation [35].

In a Thai study, L. paracasei administered to obese rats
induced benefits in glucose and lipid metabolism and in
several markers of renal function and inflammation [36].

Four studies compared the effects of probiotics, prebi-
otics and synbiotics (combination of pro- and prebiotics).
In all, Lactobacillus was used, and prebiotics were xylo-
oligosaccharide (XOS), inulin or fructooligosaccharides
(FOS). The first one evaluated the dysbiosis and inflam-
mation in obese rats; the synbiotic group had better
outcomes [8]. Treated groups decreased Firmicutes-to-
Bacteroidetes ratio and LPS levels, but Bifidobacterium
abundance increased only in the prebiotic group. Authors
concluded that prebiotics, probiotics and synbiotics con-
tributed to reduce endotoxemia and inflammation. The
second examined the gut-brain axis in obese insulin-
resistant rats by analyzing the relationship of cognitive
function and administrations of L. paracasei, XOS and
their combination [37]. Prebiotic, probiotic, and synbi-
otic interventions improved glucose and lipid metabo-
lism, but only XOS and synbiotic attenuated adiposity.
All treated groups restored cognitive function (improved
hippocampal plasticity, brain mitochondrial function and
decreased microglial activation). The third study investi-
gated association between psychiatric disorders and oxi-
dative stress after L. plantarum supplementation, inulin
or their combination [38]. All interventions improved
oxidative stress with beneficial psychotropic effects
(depressive and anxiety-like behaviors). In the fourth
study, in which L. paracasei, FOS or the combination
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was administered to HFD-fed mice, the effects on non-
alcoholic fatty liver disease (NAFLD) were evaluated
[39]. Benefits were found during intraperitoneal GTT
in all treated groups as well as amelioration of intestinal
barrier, reduction in LPS levels and activation of insulin
signaling pathways. Steatosis, dyslipidemia and inflam-
mation were improved.

Bifidobacterium A study [40] that examined the role of
sterilized B. longum in obese mice observed less weight
gain, visceral fat accumulation and inflammation in paral-
lel to improvement in glucose and lipid metabolism.

A comparison of B. lactis and B. longum supplementa-
tions showed better performance of the former regarding
acetate levels elevation and metabolic benefits [41].

Two doses of B. breve had similar effects in reducing
weight gain and visceral fat and in gene expressions in
HFD-induced diabetic mice [19].

In an experiment with B. animalis, authors proposed
that the probiotic could have increased beneficial com-
mensal bacteria reducing endotoxemia and inflammation
[20].

Akkermansia muciniphila Akkermansia muciniphila
was administered to metabolically healthy mice showed
benefits in glucose metabolism in parallel to improvement
in endoplasmic reticulum stress and inflammation [26].

In a study of metformin-treated diabetic rats, different
doses of live and pasteurized Akkermansia were com-
pared [27]. Independently of the dose, probiotic had no
change in glucose tolerance, in contrast to metformin
that induced a lower glycemic peak during the tests. Both
Akkermansia preparations reduced hepatic glycogen and
inflammation markers levels.

Clostridium  Supplementation with a butyrate-produc-
ing strain, C. butyricum, resulted in benefits in glucose
and lipid metabolism that were accompanied a better
intestinal barrier and anti-inflammatory effects [15].

Additional findings obtained with multiple-strains probiotics
One study used a mix of Lactobacillus and Bifidobacte-
rium [42] and another two Lactobacillus strains plus one
of Bifidobacterium [43].

In HFD-induced obese mice, Lactobacillus and Bifido-
bacterium mixture induced favorable changes in micro-
biota composition, body adiposity, insulin resistance and
dyslipidemia [42]. Comparing the isolated effect of each
probiotic against the mixture, more pronounced protec-
tive effect of the mixture was attributed mainly to the B.
animalis.

In a Brazilian study, a mixture of three probiotics was
able to modulate microbiota composition and improved
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intestinal permeability, endotoxemia and inflammation
[43]. The intervention was also associated with reduction
in hypothalamic insulin and leptin resistance, affecting
feeding behavior (reduced food intake and weight gain).

Clinical trials

Outcomes related to insulin sensitivity or resistance var-
ied among the clinical trials as shown in Table 2. In five,
significant improvement in at least one parameter [17,
22-24, 44] was observed while in two others no ben-
efit in insulin sensitivity was found [40, 45]. Three stud-
ies used single strains of Lactobacillus [24, 44, 46], one
proof-of-concept exploratory study used single strain
of Akkermansia muciniphila [23)] and other three tested
multi-strains (two, three and six strains containing Lacto-
bacillus and Bifidobacterium) [17, 22, 45].

Additional findings obtained with single-strain probiotic
interventions

Four single-strain interventions were found: one in
healthy subjects [44], two in those with MS [23, 24] and
in one with type 2 diabetes [46].

In 45 Japanese young subjects [44], a 6-week supple-
mentation with L. salivarius UBL S22, combined or not
with prebiotic FOS, improved inflammatory markers and
lipid profile significantly in parallel to the improvement
in insulin resistance. These effects were accompanied
by increase in Lactobacillus abundance and decrease in
reactive oxygen species production in intestinal mucosa.
Performance of the synbiotic group was better than the
probiotic group.

An Austrian study [24] evaluated the impact of L. casei
Shirota supplementation for 12 weeks on the levels of tri-
methylamine N-oxide (TMAO) in 30 subjects with MS.
Insulin sensitivity index improved but not other param-
eters such as HOMA-IR, quantitative insulin sensitivity
check index (QUICKI) and Matsuda. No benefits were
found in lipid or inflammation markers. TMAO levels
decreased significantly in both groups and did not differ
between them.

A Taiwanese placebo-controlled clinical trial of 68 type
2 DM subjects treated with a single strain of L. reuteri
ADR-1 or ADR-3 [46], no change in insulin sensitivity
was observed, but the L. reuteri ADR-1-treated group
showed reductions in glycated hemoglobin (HbAlc),
cholesterol, and antioxidants proteins (GPX and SOD),
while the ADR-3-treated group had blood pressure and
IL-1p reduced.

A small clinical trial with A. muciniphila, published as
proof-of-concept [23], showed that live or pasteurized
probiotics in high doses were safe and well tolerated.
Treatments restored gut microbiota and barrier func-
tion and improved several metabolic parameters. Both
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preparations were effective but pasteurized had a better
performance.

Additional findings obtained with multiple-strains probiotic
interventions

In a Brazilian placebo-controlled study, individuals under
antidiabetic treatment who consumed fermented goat
milk containing L. acidophilus and B. animalis did not
change insulin resistance parameters but HbAlc, lipids
and inflammatory markers were improved [45].

In a Malaysian placebo-controlled trial of diabetic indi-
viduals, HOMA-IR and HbAlc was improved by multi-
ple-strains of probiotic intervention [17].

In an Iranian controlled study, diabetic individuals on
hemodialysis treated with multiple strains of Lactobacil-
lus also had HbAlc reduction in addition to improve-
ment in insulin sensitivity indexes [22].

Discussion

This systematic review is the first to focus on the role of
probiotics in attenuating insulin resistance, involved in
prevalent diseases of the contemporary world. Body of
evidence was mostly based on experiments conducted
in animals that supported benefits of certain supple-
ments in attenuating induced states of insulin resistance.
Underlying mechanisms and markers of improvement
in insulin signaling were consistently demonstrated. In
humans, existing literature are limited, and heterogene-
ity of study designs and samples allowed collecting reli-
able findings but impeded meta-analysis. Actually, most
studies have been published in the last 5 years, motivated
by the growing knowledge on the importance of the gut
microbiome for cardiometabolic health. Despite promis-
ing results as an adjuvant therapeutic modality for con-
trolling disorders linked by insulin resistance, there is still
insufficient data in humans to support widespread probi-
otic prescription.

Probiotic, its dose and duration of interventions

Most used probiotics in research and clinical settings
were species of Lactobacillus whose benefits for health
have been demonstrated [5, 44, 47]. These commen-
sal gram-positive bacteria belong to phylum Firmicutes.
Beneficial effects to the gastrointestinal tract, immune
system, metabolism and anticarcinogenic properties have
been reported [4, 5, 9]. Bifidobacterium (phylum Actino-
bacteria) are anaerobic and, as Lactobacillus, have been
added to fermented products. Optimal doses of these
probiotics were already known [4, 9] and even sterilized
bacteria have been considered functional [27, 29, 40].
Certain butyrate-producing species of Clostridium (phy-
lum Firmicutes) have been associated with metabolic
benefits, as well as the A. muciniphila, a mucin-degrading
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bacterium (phylum Verrucomicrobia). In contrast to the
other probiotics, literature about Akkermansia is not
abundant; safety and tolerability of live and pasteurized
A. muciniphila were already investigated [23]. Research-
ers have used A. muciniphila as a pasteurized probiotic
[27, 29, 40] because the pasteurization process potential-
izes its effects in the host [23, 48].

Some authors compared effects of probiotics and syn-
biotics in animals and both strategies resulted in ben-
efits to intestinal barrier function and restored immune
response [15]. This is partially in agreement with a trial
in which a better performance was detected for the syn-
biotic group [44]. Explanation was based on the fact that
acetate and lactate produced by Lactobacillus and Bifido-
bacterium can be converted to butyrate by other intesti-
nal bacteria.

Most studies worked with probiotic doses from 108
to 10'° CFU/day in both human and animal. It is neces-
sary to maintain a content higher than 10° CFU in the
intestine to play an appropriate probiotic role [16]. In all
studies reviewed except one [27], any dose in that range
administered resulted in significant improvement in
insulin resistance [16, 40] and doses higher than 10'° had
no additional benefit [16]. Regarding live A. muciniphila,
experiments in animals suggested that it may be required
low doses and an interval between them since, in excess,
could exacerbate its mucolytic function and can be harm-
ful to the intestinal mucosa [27]. However, preliminary
results obtained in a recent clinical trial, a 10'° CFU dose
showed to be well tolerated and safe [23].

The duration of probiotic administration seemed cru-
cial for the intervention efficacy. 12-week compared to
6-week interventions showed better results especially in
animals but also in humans. Interestingly, in human stud-
ies, benefits in certain parameters of glucose metabo-
lism and inflammatory markers were found although
improved insulin sensitivity was not confirmed. We spec-
ulate that 12 week-intervention may be insufficient to get
an impact on insulin sensitivity and longer trials should
be further conducted. Also unknown is how persistent is
the effect of the probiotic therapy when it ceased. Possi-
bly, the probiotic-induced changes in microbiota are not
permanent and its composition will return to be driven
by dietary habits. Even fecal transplantation that has
shown promising results in humans with obesity and SM
cannot be considered as a definitive therapy for insulin
resistance [9, 49].

Probiotics and insulin resistance in animal studies

All animal studies probiotic interventions reviewed
had control groups and their results were appropriately
compared. The vast majority used HFD as a strategy for
inducing weight gain, insulin resistance and impaired
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glucose tolerance, and rarely fructose or streptozo-
tocin. This has been considered an adequate model to
mimic the impact of Western diet in humans. There is
consistent evidence of gut microbiota changes caused
by high saturated fat intake, but controversial findings
related to Firmicutes/Bacteroidetes ratio were reported,
with increased [8], neutral [41] and even decreased [43]
results among the studies. This dysbiosis elevates LPS
content and compromises intestinal mucosal integrity.
Locally, LPS reduces expression of tight junctions’ pro-
teins impairing the barrier function. LPS translocation
from the lumen into circulation can trigger metabolic
endotoxemia; its binding to TLR-4 activates transcrip-
tion of NF-«B and production of inflammatory cytokines
that deteriorate insulin signaling. Therefore, a state of
systemic low-grade inflammation and insulin resistance
may be resultant from an inadequate diet. In the articles
reviewed, HFD or fructose-enriched diet were effective
to induce weight gain, systemic inflammation and a vari-
ety of metabolic abnormalities.

As the main outcome of the present review was insu-
lin resistance or insulin sensitivity at least one parameter
was reported. All except one animal study used indirect
methods to assess insulin sensitivity. The gold stand-
ard method, euglycemic hyperinsulinemic clamp, was
employed only in animal models in a Brazilian study by
Baggaroli et al. [43]. Other investigators used indirect
methods: HOMA-IR [7, 8, 16, 19, 21, 28-30, 32, 33, 36,
37, 39, 42], areas under the curve obtained by OGTT [7,
8, 15, 16, 18, 20, 21, 25, 27-37, 40, 41], intravenous [18]
and intraperitoneal GTT [20, 26, 39, 42, 43], ITT [7, 15,
30, 32, 33, 40], which are reliable to estimate insulin sen-
sitivity and contributed for interpretations of the probiot-
ics’ effects.

Several studies, based on diverse probiotic prepara-
tions, reported their findings in different organs, also at
molecular level and changes in gene expressions [16, 19,
25, 29, 32-34, 36, 38, 47] involved in underlying mech-
anisms of oxidative stress, inflammation and insulin
resistance. HFD-induced mice showed worsening in pro-
inflammatory cytokines and claudin and occludin gene
expressions in the intestinal wall which ameliorated after
probiotics interventions [33, 39]. A study [15] included in
the present review observed that HFD-fed mice treated
with C. butyricum increased tight-junction proteins’
expression in parallel to LPS levels reduction. Addition-
ally, intervention with this Clostridium increased SCFA,
improved intestinal permeability, insulin resistance and
hepatic steatosis [15].

As a matter of fact, local and systemic benefits were
described in association with SCFA produced by spe-
cific bacteria [5, 6, 50]. It is known that HFD-fed obese as
well as diabetic mice have reduced SCFA levels and that
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fermented foods containing probiotics have the ability
to increase these metabolites in the colon [32]. Butyrate
exerts important roles in the intestinal immune system
[6, 50] and in inhibition of the NF-kB in colonocytes [15],
favoring an anti-inflammatory condition. Acetate pro-
motes GLP-1 secretion by L cells, modulating glucose
metabolism, central regulation of appetite and reducing
adipocytes hypertrophy [41, 51]. Studies which employed
SCFA-producing bacteria as Clostridium [15], Akker-
mansia [26, 27] and their metabolites, may have contrib-
uted to improvements of insulin resistance parameters.

Benefits of metabolic profile from probiotics con-
sumption by rodents supports that they occurred at
least in part via changes in the microbiota composition
and intestinal barrier with systemic repercussions. Such
effects were described in 96.3% of the animal studies with
species of Lactobacillus [7, 8, 16, 18, 21, 25, 28-39, 42,
43] and Bifidobacterium [19, 20, 40-43], the C. butyri-
cum [15] and A. muciniphila [26] while the supplemen-
tation lasted. Considering that their beneficial effects are
desirable to control cardiometabolic diseases, deepen
knowledge about long-term interventions and its out-
comes is needed. Animal models studied were insulin-
resistant which confers risk to atherosclerosis. A recent
atherosclerosis marker, TMAO [24], is dependent on
choline and carnitine metabolism by intestinal bacteria
action. Probiotics have been proposed as a new therapeu-
tic target against cardiovascular disease [28, 52]. In fact,
diabetic mice treated with L. plantarum or prebiotic FOS
reverted dysbiosis, attenuated inflammatory proteins’
expression and reduction of cardiovascular risk [52].
However, L. casei Shirota supplementation in humans
showed no difference in TMAO levels when compared
to untreated subjects although contrasting findings were
found in animal studies [24].

Different research protocols among the reviewed stud-
ies impeded comparisons of probiotic efficacy among
them and none investigated whether there would be a
residual effect after suspending probiotic administration.
Anyhow, these promising results of animal studies have
motivated studies in humans considering that preva-
lent lifestyle-related diseases are triggered by insulin
resistance.

Probiotics and insulin resistance in clinical trials

There is mounting evidence pointing out to the role of
gut dysbiosis in the pathogenesis of metabolic disorders,
such as obesity, type 2 DM, MS and NAFLD [47]. Since
studies demonstrated that reduction in gut microbiome
diversity and richness in obese subjects were associated
with high risk for insulin resistance-linked diseases [47],
this ecosystem emerged as a target to improve lifestyle-
related metabolic disturbances [53].
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Our review highlights the scarcity and heterogene-
ity of human studies which tested the efficacy of probi-
otic supplementation in attenuating insulin resistance
and reducing its cardiometabolic consequences. Sample
characteristics and intervention design (probiotic type,
dose and duration) differed among the studies reviewed.
Four studies used single strains for 6, 12 and 24 weeks,
in healthy young subjects [44] or with MS [23, 24] or
type 2 DM [46], respectively, while others used multi
strains blends for 6 [45] or 12 weeks [17, 22]. Also, dif-
ferent assessment of insulin sensitivity/resistance was
employed; all trials used at least insulinemia and HOMA-
IR as parameters of insulin resistance and none of the
clinical trials used the gold standard technique. Inves-
tigators also used other indirect methods like insulin
sensitivity index (ISI) [24], Matsuda [24] and QUICKI
[17, 22, 24] to estimate the probiotics’ effects on insulin
sensitivity. In the longest intervention (24 weeks) includ-
ing diabetic subjects, no change in insulin resistance
was observed [46], but in shorter ones [17, 22]. Subjects
with MS treated with Lactobacillus [24] improved the ISI
without changing HOMA-IR, in contrast to the interven-
tion with A. muciniphila [23] that reduced HOMA-IR.
In healthy subjects [44], 6 week-supplementation was
sufficient to reduce insulinemia and HOMA-IR. Facing
such methodological heterogeneity, no meta-analysis was
available in literature.

Articles reviewed suggested probiotics use as preven-
tive or adjuvant therapy for metabolic diseases, such as
obesity and type 2 DM [44, 46]. In general, when exces-
sive body weight was present probiotic supplementation
appeared to be more effective than in eutrophic indi-
viduals [17], but conflicting findings were found among
the trials [17, 22, 24, 44]. We hypothesized that normal-
weight subjects on a healthy diet should already have a
balanced microbiota composition, an adequate intestinal
barrier and a normal immune system functioning. How-
ever, even in healthy young eutrophic subjects, a Japanese
study obtained improvement in several metabolic param-
eters with probiotic supplementation.

The Bacteroidetes-to-Firmicutes ratio has been used
to reflect the association of gut microbiota with body
adiposity also in humans [54]. Increased ratios were
reported in obese individuals or in populations con-
suming obesogenic diets [9], although results were not
consistent [17, 46]. Weight loss in obese subjects was
able to change microbiota composition without alter-
ing proportions of Bacteroidetes and Firmicutes [55].
Crosstalk between intestinal bacteria and host is relevant
to determine the inflammatory state and glucose toler-
ance [26, 53, 56]. In fact, the role of the cytokine IL-22
in maintaining integrity of the intestinal barrier with
attenuated metabolic disorders was demonstrated [57].
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In the trials reviewed, such possible benefit of probiot-
ics’ supplementation was not investigated. Association of
SCFA-producing bacteria and decrease in inflammation
and insulin resistance was previously reported in ani-
mals and humans [5, 6, 9]. Particularly, a role for butyrate
was described in the prevention of obesity by regulating
incretins and anorexigenic hormones production (GLP-1
and peptide YY), appetite and energy expenditure [47]. In
our review, SCFA-producing bacteria supplemented in
humans used were A. muciniphila and strains of Lacto-
bacillus and Bifidobacterium [17, 22-24, 44—46].

Protective effects of the administration of A. muciniph-
ila in intestinal barrier and metabolic disorders have been
mostly investigated in animals [26, 27]. More recently,
growing evidence has indicated potential benefits in indi-
viduals with obesity and type 2 DM [23, 58]. The first
randomized, double-blind, placebo-controlled trial, using
live or pasteurized A. muciniphila, in a small sample of
insulin-resistant individuals, looked at safety and toler-
ability but also at metabolic parameters. Improvement in
insulin sensitivity and other parameters have motivated
several ongoing trials.

Probiotics compared to antidiabetic agents

Interest of the scientific community has grown regarding
the application of probiotics as an adjuvant therapy for
insulin resistance syndromes. Currently, there are some
indications of certain strains for preventive or adjuvant
therapeutic purposes [4, 6, 9, 45]. Although probiotics in
combination with drugs could be valuable in the treat-
ment of prediabetes and type 2 DM, the studies reviewed
analysis does not assure the efficacy of their isolated use.
As insulin resistance is part of the natural history of car-
diometabolic diseases, established interventions (lifestyle
changes and medications) should be employed. The use
of probiotics by at-risk individuals, together with behav-
ioral measures (diet and physical activity), seemed to be
useful according to preliminary results, although require
confirmation in further studies.

Three animal studies that compared probiotics (L. casei
CCFM449, L. rhamnosus GG, MTCC5689, MTCC5689)
to antidiabetic agents (pioglitazone, vildagliptin and met-
formin) found similar significant improvement in insu-
lin resistance and inflammatory markers [16, 32, 33]. In
contrast, the combination of probiotics and/or prebiot-
ics with antidiabetic drugs (metformin and sitagliptin)
improved the incretin effect and insulin sensitivity in
mice [59]. Although vildagliptin acts directly in GLP-1
regulation and metformin also contribute to increase its
levels, similar effects were identified for probiotics sug-
gesting that regulation of GLP-1 is a possible mechanism
which favors glucose homeostasis [60, 61]. These find-
ings support that probiotics combined with antidiabetic
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agents may be promising in the treatment of glucose
metabolism disturbances. Further studies in humans are
necessary to test this hypothesis.

The scenario disclosed by the present review shows that
animal studies are still important to fill gaps on the role
and mechanisms by which probiotics can enhance insu-
lin sensitivity. Also, it has been encouraging to develop
clinical trials in strata of populations, using standardized
experimental conditions. Not only the animal intesti-
nal microbiome differs from humans, but there are dif-
ferences among populations worldwide [24]. In addition
to lifestyle, other environmental conditions, use of anti-
biotics and genetic factors should influence probiotics
response [4]. Advances in the knowledge on metabolic
effects of probiotics, prebiotics and/or synbiotics for
ameliorating microbiota composition and insulin resist-
ance could optimize outcomes of fecal transplantation in
humans with MS.

Despite the amplitude of this review, the main limita-
tion was related to heterogeneity of samples and research
protocols involving a variety of probiotics used alone or
in combinations. A strength of this publication is that
despite having few publications, this review collected
both animal and human studies. As possible effects of
supplementation with multiple strains combined are
unclear, we alert that inter-strain competition and even
deleterious changes in microbiota composition might
occur. Standardized methods that enable the comparison
of different studies and the elaboration of meta-analysis
were highly warranted.

In summary, this review concluded that available data
regarding the effects of certain probiotics do not guar-
antee sustained amelioration of insulin resistance in
humans. Consistent beneficial results for intestinal bar-
rier function, immune system and metabolism were
reported in animal models, which may encourage long-
term randomized clinical trials in people with obesity
and at cardiometabolic risk. It is possible that supple-
mentation with probiotics in combination with medica-
tions and/or prebiotics, combined with a healthy lifestyle,
will prove useful in the current world scenario. Further
research is necessary to test hypothesis raised in the pre-
sent review.
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