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Figure 1. Schematic view on roles of gut microbiota in nonalcoholic fatty liver disease [2,48–60].
NAFLD: nonalcoholic fatty liver disease; LPS: lipopolysaccharides; LBP: LPS binding protein;
SCFAs:short chain fatty acids; BA: Bile acid; TNF-α: tumor-necrosis factor alpha; TLR: Toll like receptor;
CD14: monocyte differentiation antigen; UBA: unconjugated bile acid; ZO-1\Occludin: two tight
junction proteins; FIAF: Fasting-induced adipocyte factor; NF-kB: Nuclear factor-κB; MyD88: myeloid
differentiation factor 88; FXR: farnesoid X receptor; TGR5: Takeda G protein-coupled receptor 5;
TMA: trimethylamine; TMAO: trimethylamine oxide; IR: Insulin resistance; IRS: Insulin receptor
substrate; FFA: free fatty acid; LPL: lipoprteinlipase.

3. Gut Microbiota-Targeted Therapies in NAFLD

NAFLD is common with the current prevalence of obesity, however, clinical therapeutic options are
still very scarce with respect to safety, effectiveness, and patient compliance [61]. As a result, the intricate
relationship between gut microbiota and NAFLD opens up a new window for seeking effective and
safe therapies on NAFLD by restoring gut homeostasis of NAFLD patients in various ways.
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3.1. Gut Microbiota-Targeted Therapy with Probiotics

Probiotics are a collection of bacteria with a wide range of beneficial effects on host
metabolism [2,62]. Bacteria of Lactobacillus, Bifidobacterium and Satreptococcus are most frequently
used probiotics that can inhibit expansion of gram-negative pathogenic bacteria [63]. Okubo et al.
investigated the effects of Lactobacillus caseistrain Shirota (LcS) on methionine-choline-deficient (MCD)
diet-induced NASH mice [64]. They found that the MCD diet resulted in significant reduction in
lactic acid bacteria (Bifidobacterium and Lactobacillusin) in feces, but values were increased by LcS
supplementation. Moreover, the LcS supplement dramatically improved the symptoms of NASH
induced by MCD such as hepatic histology and serum parameters triglycerides (TG), total cholesterol
(TC), as well as the altered expression of hepatic genes and proteins (the mRNA levels of actin
alpha/alpha-SMA(α-SMA) and tissue inhibitor of metalloproteinase 1(TIMP-1)). Meanwhile, metabolic
beneficial effects of LcS supplement were observed in high-fat diet (HFD)-induced and genetic db/db
obese mice, in which LcS supplementation significantly improved insulin resistance and lowered
plasma levels of LBP [65]. Study revealed that LcS treatment protected against the fructose-induced
NAFLD by suppressing the activation of the TLR4 signaling cascade in the liver [66]. Accordingly,
the beneficial effect of LcS in metabolic diseases is due to the improvement of metabolic endotoxemia.

Lactobacillus is a genus of gram-positive bacteria which can convert sugars into lactic acid.
Bacteria from Lactobacillus genus have been trialed as probiotics in studies [67–69]. Sohn et al.
investigated the effects of Lactobacillus paracasei on NASH patients [70] and found that L. paracasei
administration lowered inflammatory cytokines in NASH patients. However, probiotics with a
single species of Lactobacillus bacteria did not show benefit in patients with irritable bowel syndrome
or Crohn’s disease [71,72]. Meanwhile, the beneficial effects of Lactobacillus plantarum probiotics
were investigated in NAFLD models such as L. plantarum MA2, L. plantarum A7 and L. plantarum
NCU116. Results showed that either L. plantarum A7 or L. plantarum MA2 was effective in lowering
serum lipids [73,74], while L. plantarum NCU116 improved liver function and decreased hepatic
fat accumulation as well [75]. A similar effect was observed with L. rhamnosus supplementation
in an NAFLD model. Probiotics of L. rhamnosus GG (LGG) protected mice from NAFLD by
increasing the abundance of beneficial bacteria, improving gut barrier function and attenuating
hepatic inflammation [76], as well as the cholesterol-lowering effect through inhibition of the FXR
and FGF15(fibroblast growth factor) signaling pathway [77]. In addition, several other species of
Lactobacilli bacteria have shown potential in NAFLD prevention, including L. johnsonii BS15 [78],
L. reuteri GMNL-263 [79], L. gasseri BNR17 [80].

Bifidobacterium (Bif ) belongs to the Bifidobacteria bacteria genera in the mammalian gastrointestinal
tract, and is a frequently used probiotic [81–83]. Supplementation of Bif significantly improved
visceral fat accumulation and insulin sensitivity in HFD-fed rats [84]. Administration of Bifidobacterium
pseudocatenulatum CECT 7765 could reduce serum cholesterol and triglycerides, and improved glucose
tolerance in obese mice [85]. It is proposed that probiotic of Bif is superior to Lactobacillus acidophilus in
reducing hepatic fat accumulation [86]. Compared to probiotics with a single strain of bacteria, VSL#3 is
a mixed probiotic with eight types of bacteria (Bifidobacteria (B. breve, B. longum, B. infantis), Streptococcus
thermophilus, L. plantarum, L. acidophilus, L. paracasei and L. delbrueckii subsp. bulgaricus) which has
shown great potential in treatment of various diseases [87–91]. Experimental evidence has indicated
that VSL#3 could attenuate inflammation via modulation of the nuclear factor-kB (NF-kB) pathway [92],
reduce hepatic fat accumulation and ALT levels [93], improve insulin sensitivity in NAFLD models [94],
and prevent against liver fibrosis in NASH patients [95]. The probiotic with combined bacteria (LGG,
Lactobacillus plantarum WCFS1 and anthraquinone from Cassia obtusifolia L.) was effective in reducing
blood lipid levels and improving insulin resistance in NAFLD rats [96]. Meanwhile, supplementation
of combined probiotic (Bifidobacterium infantis, Lactobacillus acidopilus, and Bacillus cereus) could improve
gut dysbiosis and liver function via suppression of the LPS/TLR4 signaling pathway [97]. Kim et al.
found that consumption of kefir (a probiotic beverage containing over 50 species of lactic acid
bacteria and yeast) prevented obesity and NAFLD formation by restoring the gut microbiota and
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enhancing fatty acid oxidation in HFD-fed mice [98]. Further evidence of beneficial effects on NAFLD
prevention has been acquired in many studies by administering probiotics with mixed bacteria [99–101].
In addition to the direct impacts on the composition of gut microbiota, the beneficial effects of probiotics
on NAFLD are also associated with their metabolic activities [53]. It has been reported that probiotics
of clostridium butyricum MIYAIRI 588—a butyrate-producing bacteria, decreased accumulation
of lipid droplets in HFD-induced NAFLD models, improved insulin resistance [102], and reduced
hepatic lipids and serum endotoxin levels in choline-deficient/L-amino acid-defined diet-induced
NAFLD models [103], which may be associated with the stimulation of expression of adenosine
5′-monophosphate (AMP)-activated protein kinase (AMPK) andserine/threonine kinas (AKT) proteins,
and lipogenesis- or lipolysis-related proteins.

Currently, although the beneficial effects of probiotics were mainly acquired in experimental
studies, some consistent results have also been observed in clinical practice. Alisi et al. compared the
therapeutic effects of VSL#3 in a randomized double-blind controlled study in obese children with
biopsy-proven NAFLD [104]. They found that 4-month supplement of VSL#3 significantly improved
liver function and increased glucagon-like peptide (GLP-1)/active glucagon-like peptide (aGLP1)
levels suggesting the effects of VSL#3 might be GLP-1-dependent. Consistent effects were also observed
on obese children with NAFLD by administering probiotics such as Lactobacillus rhamnosus strain
GG [105] and mixed bacteria of Lactobacillus bulgaricus and Streptococcus thermophilus [106]. Sepideh et al.
investigated the effects of a multistrain probiotic supplementation in NAFLD patients in a RCT study,
and the results showed dramatic improvement in insulin sensitivity and inflammation [107]. Moreover,
synergistic effects were also observed by combining probiotics with chemical drugs such as metformin
in NASH and statins in NAFLD therapy [108,109], which highlights the great potential of clinical
application of probiotics either alone or combined with other drugs. Nevertheless, the clinical efficacy
of probiotics still needs further validation in well-designed studies with a larger scale of participants.
Solga et al. observed that 4 months of probiotic supplements not only did not reduce hepatic steatosis,
but increased fat accumulation in liver of four patients [110]. In 2010, Andreasen et al. conducted a
randomized-double-blinded research on effects of L. acidophilus NCFM on insulin sensitivity and the
systemic inflammation [111]. They found that insulin sensitivity was improved in the probiotic
group, but not in the placebo group, and there were no differences in systemic inflammation
in either group. Meanwhile, another study indicated that an 8-week probiotic supplement did
not improve total cholesterol, low-density lipoprotein (LDL)-cholesterol, high-density lipoprotein
(HDL)-cholesterol, TG, TG/ LDL and LDL/HDL ratios in diabetic patients [112]. Additionally,
supplementation with Lactobacillus acidophilus did not improve the levels of plasma lipids in volunteers
with elevated cholesterols in a double-blind placebo-controlled study [113]. A detailed summary of
gut microbiota-targeted therapies on NAFLD with probiotics is provided in Table 1.

Table 1. Gut microbiota-targeted therapies of NAFLD with probiotics.

Interventions Main Effects Experimental Models Ref.

Probiotic

Lactobacillus (LcS)
Suppressing NASH development MCD diet-induced NASH in mice [64]

Improving insulin resistance and
glucose intolerance Diet-induced obesity (DIO) mice. [65]

Protecting against the onset of
fructose-induced NAFLD Fructose-induced NAFLD in mice [66]

L. paracasei Attenuating hepatic steatosis (High fat +10% fructose
diet)-induced NASH in mice [70]

L. plantarum A7 Lowering serum lipids, TC, and TG
levels High-cholesterol diet-fed rats [73]

L. plantarum MA2 Lowering serum TC, TG and
low-density lipoprotein cholesterol Cholesterol-enriched diet-fed rats [74]
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Table 1. Cont.

Interventions Main Effects Experimental Models Ref.

L. plantarum NCU116 Improving liver function, oxidative
stress and lipid metabolism HFD-induced NAFLD in rats [75]

Lactobacillus
rhamnosus GG (LGG)

Protecting mice from NAFLD
attenuated liver inflammation and
steatosis

High-fructose diet induced NAFLD
in mice [76]

Improving NAFLD HFD-induced NAFLD in rats [82]

Improving in alanine
aminotransferase levels

20 obesity-related liver
abnormalities in children [105]

L. johnsonii BS15 Effective in preventing NAFLD HFD-induced NAFLD in mice [78]

L. reuteri GMNL-263 Ameliorating hepatic steatosis High-fructose diet-fed rats [79]

L. gasseri BNR17 Inhibiting increases in body and
adipocyte tissue weight

High-sucrose diet-induced obese
mice. [80]

3 Lactobacillus strains Reducing serum TC, TG, and
low-density lipoprotein cholesterol HFD-fed rats [114]

L. acidophilus NCFM
Inflammatory markers and the
systemic inflammatory response were
unaffected

45 males with T2D [111]

L. acidophilus No changes in serum lipids 80 patients with elevated
cholesterols [113]

Bifidobacterium (Bif )

Ameliorating visceral fat
accumulation and insulin sensitivity HFD-fed rats [84]

Attenuating hepatic fat accumulation HFD-induced NAFLD in rats [86]

Reducing body and fat weights, blood
serum levels (TC, HDL-C, LDL-C, TG,
AST, ALT, and lipase levels)

HFD-induced obesity in rats [115]

B. pseudocatenulatum
CECT 7765

Reducing serum cholesterol, TG, and
insulin resistance HFD-fed mice [85]

Bacteroides uniformis
CECT 7771

Reducing body weight gain, liver
steatosis and cholesterol and TG
concentrations

HFD-induced obesity mice [116]

Probiotic

VSL#3

Limiting oxidative and inflammatory
liver damage HFD-fed young rats [92]

Reducing hepatic total fatty acid
content and ALT levels. HFD-induced NAFLD in mice [93]

Improvements in steatosis and insulin
resistance HFD-fed mice [94]

Modulating liver fibrosis, without
protecting from inflammation and
steatosis in NASH.

MCD diet-induced NASH in mice. [95]

Improving the degree of liver disease
in children 44 Obese children with NAFLD [104]

Improving plasma levels of lipid
peroxidation markers:
MDA(malondialdehyde), 4-HNE(
4-hydroxynonenal).

22 patients with NAFLD + 20
patients with AC (alcoholic liver
cirrhosis )

[117]

Experiencing a significant increase in
liver fat; no significant differences in
any of the blood assays or clinical
parameters

4 patients with NAFLD [110]

Probiotic mixtures

Improving NAFLD HFD-induced NAFLD in rats [96]

Delaying the progression of NAFLD
via LPS/TLR4 signaling HSHF diet-induced NAFLD in rats [97]

Improving NAFLD pathogenesis and
steatosis

High fat and sucrose diet
(HFSD)-induced NAFLD in rats [118]

Influencing protein expression and
decreasing steatohepatitis MCD diet-induced NASH in rats [99]

Reducing obesity-related biomarkers
and modulating the microbial
community

Obese mice [100]
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Table 1. Cont.

Interventions Main Effects Experimental Models Ref.

Modulating gut microbiota and
up-regulated genes related to fatty
acid oxidation in both the liver and
adipose tissue

HFD-induced obese mice [98]

Improving liver aminotransferases
levels 30 patients with NAFLD [106]

Decreasing levels of ALT and AST and
improving pediatric NAFLD 64 obese children with NAFLD [119]

Reducing insulin, insulin resistance,
TNF-a, and IL-6 42 patients with NAFLD [107]

No significant changes in
(LDL)-cholesterol, (HDL)-cholesterol,
TG, TC TG/LDL and LDL/HDL ratios

60 patients with T2DM [112]

Great reductions in serum AST level
and liver fat 20 patients with NASH [120]

MIYAIRI 588
Improving NAFLD and decreasing
accumulation of lipid droplets HFD-induced NAFLD in rats [102]

Improving hepatic lipid deposition
and decreasing the triglyceride
content, insulin resistance, serum
endotoxin levels, and hepatic
inflammatory indexes.

Choline-deficient/ L-amino
acid-defined (CDAA)-diet-induced
NAFLD in rats

[103]

Probiotics and
metformin

Improvements in liver
aminotransferases, cholesterol, and TG 64 patients with NASH [108]

Probiotics and statins Lowering cholesterol and products of
metabolism of intestinal microflora Patients with NAFLD [109]

Probiotic Probiotic yogurt

Improving hepatic enzymes, serum
TC, and low-density lipoprotein
cholesterol levels

72 patients with NAFLD [121]

Improvements in total cholesterol and
LDL-C concentrations

60 people with type 2 diabetes and
low-density lipoprotein cholesterol [122]

NASH: nonalcoholic steatohepatitis; MCD: methionine-choline-deficient; HFD: high-fat diet; LDL: low-density
lipoprotein; HDL-C: low density lipoprotein cholesterol; HDL: high-density lipoprotein; HDL-C: high density
lipoprotein cholesterol; TG: triglycerides; TC: total cholesterol; IL: interleukin. T2D: type 2 diabetes; AST: aspartate
aminotransferase; ALT: alanine aminotransferase; LPS: lipopolysaccharides; TLR: Toll like receptor; HSHF: high
sugar and high fat; TNF-α: tumor-necrosis factor alpha.

3.2. Gut Microbiota-Targeted Therapy with Prebiotic

Prebiotics are indigestible food ingredients with beneficial effects, as they selectively stimulate
the growth and/or activity of “good” and suppress the “bad” bacteria resident in the colon [123].
They can be defined as a fermented ingredient that allows changes both in the composition and/or
activity in the gastrointestinal microflora conferring benefits upon host well-being and health [124,125].
Evidence suggested that prebiotic supplements prevented NAFLD development in both experimental
and clinical studies [126,127].

In 2009, Cani et al. found that prebiotics of oligofructose (a mixture of fermentable dietary
fibers) decreased plasma LPS and cytokine levels, and hepatic expression of inflammatory and
oxidative stress markers in obese mice. An improvement in intestinal permeability and production
of GLP-2 was also shown [128]. In an MCD diet-induced steatohepatitis mice model, a dietary
fructooligosaccharide (FOS) supplement attenuated the extent of steatohepatitis by restoring the
homeostasis of gut microbiota and intestinal epithelial barrier function [129]. Pachikian et al. reported
that a FOS supplement reduced hepatic triglyceride accumulation in n-3 PUFA (polyunsaturated
fatty acid)-depleted diet-induced NAFLD model by altering microbiota composition and increasing
production of GLP-1 [130]. Meanwhile, the FOS supplement stimulated fatty acid oxidation
by activating peroxisome proliferator-activated receptor-alpha (PPAR-α) and reduced cholesterol
accumulation by inhibiting SREBP-2 (sterol-regulatory-element-binding protein isoform 2) in liver
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without affecting SREBP-1 expression and activity [130,131]. Lactulose is a prebiotic that promotes
the growth of lactic acid bacteria and Bifidobacteria [132]. A study indicated that lactulose treatment
decreased the hepatic inflammation and serum endotoxin levels in rats with steatohepatitis [133].
Chitin–glucan (CG) is another type of prebiotic from fungal source. Neyrinck et al. investigated the
function of CG in HFD-induced obese mice and found CG treatment decreased body weight gain,
improved glucose intolerance and hepatic triglyceride accumulation by restoring bacteria of clostridial
cluster XIVa [134].

The combination of prebiotics with natural components will yield more benefits than prebiotics
on their own. For example, combined therapy of isomalto-oligosaccharides (IMOs) with lycopene
(an antioxidant) prevented body weight gain, enhanced adipose tissue fat mobilization, and improved
insulin resistance and metabolic endotoxemia in HFD-induced NAFLD mice. The observed effects
were associated with their modulation of microbial production of SCFAs [135].

In the clinic, prebiotics have also been tested for their benefits in various diseases [136–140].
Oligofructose (OFS), an inulin-type fructan, was added to diet of NASH patients in a pilot randomized
double-blind study [127]. Their results showed that the OFS supplement decreased serum ALT and
AST levels significantly. Prebiotics of mixed galacto-oligosaccharides and fructo-oligosaccharides
(9:1) stimulated the abundance of Bifidobacteria bacteria in infants [141]. Similarly, administration of
prebiotic inulin and oligofructose (50:50 in mixture) increased the abundance of Bifidobacterium and
Faecalibacterium prausnitzii, which negatively correlated with serum LPS levels [142]. Prebiotics have
shown great potential in prevention of obesity and NAFLD development by lowering the permeability
of intestinal wall, attenuating metabolic endotoxemia, and reducing the accumulation of fat [143].
The gut microbiota-targeted therapies with prebiotics were summarized in Table 2.

Table 2. Gut microbiota-targeted therapies of NAFLD with prebiotics.

Interventions Main Effects Experimental Models Ref.

Prebiotic

Oligofructose (OFS)

Lowering LPS and cytokine levels,
and decreasing the hepatic
expression of inflammatory and
oxidative stress markers

Obese and diabetic mice [128]

Decreasing serum ALT, AST and
insulin level Patients with NASH [127]

Fructooligosaccharides (FOS)

Restoring normal gastrointestinal
microflora and intestinal epithelial
barrier function, and decreasing
steatohepatitis

MCD diet-induced NASH
in mice. [129]

Reducing hepatic TG and TC level,
modulating hepatic steatosis

N-3PUFA
(polyunsaturated fatty
acid)-depleted diet-fed
mice

[130]

Lactulose
Ameliorating the hepatic
inflammation and decreasing serum
levels of ALT and AST

HFD-induced NASH in
rats [133]

Chitin–glucan (CG)
Decreasing weight gain, fat mass
development, glucose intolerance,
and hepatic TG accumulation

HFD-induced obese mice [134]

Isomalto-oligosaccharides (IMOs) Preventing weight gain, adiposity,
and improving insulin resistance.

HFD-induced NAFLD in
mice [135]

Galacto-oligosaccharides and
fructo-oligosaccharides (9:1)

Increasing abundance and
proportion of bifidobacteria Formula-fed infants (FF) [141]

Inulin-type fructans( ITF)
prebiotics (inulin + oligofructose)

Changing the gut microbiota
composition and host metabolism 30 obese women [142]

3.3. Gut Microbiota-Targeted Therapy with Synbiotic

Synbiotics are the combination of probiotics and prebiotics [144]. Synbiotics usually
produce benefits by selectively stimulating the growth and/or activating the metabolism of
health-promoting bacteria [145]. Administration of synbiotics containing Lactobacillus paracasei
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B21060 plus arabinogalactan and fructooligosaccharides attenuated hepatic inflammation and
increased expression of nuclear PPARs and their targeted genes in HFD-induced NAFLD rats [146].
Synbiotics have shown various benefits in metabolic diseases, such as improvement of insulin
resistance, glucose control, and inflammatory cytokine synthesis [147–149].

In the clinic, the therapeutic effect of a synbiotic containing seven probiotics and oligofructose
was evaluated in patients with NAFLD in a double-blind RCT. The results showed that synbiotic
therapy significantly decreased ALT levels [150]. Malaguarnera et al. observed that combination
of synbiotic (B. longum and Fos) and lifestyle intervention in NASH patients resulted in a much
greater improvement compared to lifestyle intervention alone, including reduction of serum TNFα,
CRP (C-reactive protein), endotoxin, and AST levels, improvement in HOMA-IR( homeostasis model
assessment of insulin resistance)and extent of NASH activity index [151]. Synbiotic therapy showed
improvements in levels of fasting blood glucose, TG, and inflammatory cytokines in both obese
and lean NAFLD patients [152,153]. Therefore, synbiotics are a promising gut microbiota-targeted
intervention for NAFLD prevention or therapy. Nevertheless, more clinical validations are also needed.
A summarized gut microbiota-targeted therapy on NAFLD with synbiotics was provided in Table 3.

Table 3. Gut microbiota-targeted therapies of NAFLD with synbiotics.

Interventions Main Effects Experimental Models Ref.

Synbiotic

L. paracasei B21060 +
arabinogalactan + FOS

Lessening NAFLD progression, preserving
gut barrier integrity and reducing the
severity of liver injury and IR

HFD-induced NAFLD in rats [146]

Seven probiotics + OFS Improving NAFLD and decreasing levels
of ALT and AST 52 patients with NAFLD [150]

B. longum + FOS
Reductions in TNF-a, serum AST levels,
serum endotoxins, steatosis, and the
NASH activity index

66 patients with NASH [151]

Dietary fiber + L. reuteri
Improving NAFLD and reducing serum
levels of most of the inflammatory
mediators

50 lean patients with NAFLD [152]

Seven probiotics + FOS Protecting against NAFLD progression
and improving steatosis 80 NAFLD patients [153]

3.4. Gut Microbiota-Targeted Therapies with Other Approaches

In addition to probiotics/prebiotics/synbiotics, gut microbiota-targeted interventions have also
been investigated with other approaches. Butyrate is an SCFA and is an important gut microbial
metabolite derived from fermentation of nondigestible polysaccharides. Butyrate has a critical role
in affecting metabolic disease development in a variety of ways, including modulation on energy
harvest, hepatic lipogenesis and gluconeogenesis, adipokine signaling in adipocytes, intestinal
permeability, and appetite regulation in the brain [154,155]. Administration of sodium butyrate
alleviated inflammation and fat accumulation in HFD-induced NAFLD mice by increasing the
abundances of the beneficial bacteria Christensenellaceae, Blautia and Lactobacillus [156]. Therefore,
appropriate approaches such as engineered bacteria could be developed to enhance the production of
beneficial gut microbial metabolites (e.g., butyrate) or intervention with chemical drugs to promote the
proliferation of “good” bacteria, and suppress the “bad” ones.

Antibiotics are frequently used in the clinic, although their disruption of gut microbial homeostasis
is a double-edged sword [157]. On one hand, the short-term application of antibiotic can result
in long-lasting impacts on host metabolism. On the other hand, administration of some kinds of
antibiotics may attenuate diseases. For example, oral administration of cidomycin increased the
small intestine transit rate and lowered serum ALT, AST, and TNF-α levels in NASH rats, suggesting
the potential of cidomycin in alleviating the severity of NASH by intervening gut microbiota [158].
In the clinic, administration of rifaximin could decrease the circulating endotoxin and ALT levels in
patients with NAFLD [159]. Although the improvement in NAFLD, especially in NASH, by short-term
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administration of antibiotic (e.g., rifaximin) can be observed, the long-term application of antibiotics is
not encouraged because of probable side effects [160]. Nevertheless, the changes in gut microbiota
resulting from antibiotics could provide important evidence for exploring alternative ways to modulate
gut microbiota in disease therapy.

Compared to antibiotics, some ingredients from herbal medicines have shown more prospects for
gut microbiota modulation with minor side effects [161,162]. Berberine is a typical herbal component
with potent antibacterial activity, especially bacteria in intestinal tract, because berberine can hardly
be absorbed in gut [163]. Currently, increasing evidence has confirmed the therapeutic effect of
berberine on metabolic diseases including obesity, NAFLD, and type 2 diabetes via modulation on
gut microbiota [164–166]. It has been revealed that berberine administration restored the relative
abundance of Bifidobacteria and the ratio of Bacteroidetes/Firmicutes in HFD-induced NASH mice
resulting in significant reduction in body weight, serum levels of lipids, glucose, insulin and
inflammatory cytokines [167,168]. TSG (2,3,5,4′-tetrahydroxy-stilbene-2-O-β-D-glucoside) is an active
component of the traditional Chinese medicine (TCM) Polygonum multiflorum Thunb, which has shown
significant effects in NAFLD prevention by modulating gut microbiota, improving the intestinal
mucosal barrier, and suppressing the expression of NF-κB [169]. Resveratrol is a natural polyphenol
with anti-oxidative activity [170]. Recent studies showed resveratrol was also effective in preventing
metabolic diseases such as obesity and NASH by regulating gut microbiota [171]. In addition to the
individual component from herbal medicines, recent investigations revealed that the efficacy of some
TCM formulas was associated with the modulation on gut microbiota. For example, Qushi Huayu Fang
(a mixture of five herbs including Artemisia capillaries Thunb, Gardenia jasminoides Ellis, Fallopia japonica,
Curcuma longa L., and Hypericum japonicum Thunb) is an ancient TCM formula which has been used
for NAFLD treatment. Recent studies showed that administration of Qushi Huayu Decoction (QHD)
significantly decreased body weight, alleviated hepatic steatosis, and reduced the content of TG and
free fatty acids in liver in HFD-induced NAFLD rats. It showed that the QHD-treated group harbored
significantly different gut microbiota from that of model rats, and the bacterial profiles of NAFLD rats
could be modulated by the QHD [172,173]. Recently, the anti-obesity property of daesiho-tang (DSHT)
was also investigated. It was found that DSHT treatment significantly reduced levels of serum TC and
TG as well as hepatic fat accumulation that were associated with the regulation on abundance of gut
microbiota [174]. Although the mechanisms underlying TCM therapy are extremely complicated and
largely unknown, the gut microbiota was supposed to be an important target for many TCM formulas
because many kinds of chemicals derived from TCM are unabsorbable. Those unabsorbed chemicals
in TCM can influence gut microbiota directly or be metabolized into absorbable or active form by gut
microbiota. A summary of gut microbiota-targeted therapies on NAFLD with other approaches were
provided in Table 4.

Table 4. Gut microbiota-targeted therapies of NAFLD—other approaches.

Interventions Main Effects Experimental Models Ref.

Antibiotic

Cidomycin
Lowering serum levels of ALT,
AST and TNF-α and alleviating
the severity of NASH

Rats with NASH [158]

Vancomycin + Neomycin +
Metronidazole + Ampicillin

Adjusting gut microecology and
alleviating the lesions of NAFLD HFD-induced NAFLD in rats [175]

Rifaximin Improving NAFLD and reducing
endotoxin and IL-10 levels 42 patients with NAFLD [159]

Herbal medicine or
natural active

ingredient

2,3,5,4′-tetrahydroxy-stilbene-
2-O-β-D-glucoside (TSG)

Reversing NAFLD and reducing
FFA accumulation, and increasing
the protein expression of ZO-1
and occludin

HFD-induced NAFLD in rats [169]

Resveratrol
Reducing blood glucose and lipid
levels, and lowering both body
and visceral adipose weights

HFD-fed mice [171]
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Table 4. Cont.

Interventions Main Effects Experimental Models Ref.

Qushi Huayu Fang

Reducing body weight, TG and
free fatty acids, alleviating hepatic
steatosis

HFD-induced NAFLD in rats [172]

Enhancing the hepatic
anti-oxidative mechanism,
decreasing hepatic lipid synthesis,
and promoting the regulatory T
cell inducing microbiota in the gut

HFD-induced NAFLD in rats [173]

Daesiho-tang (DSHT) Ameliorating body weight gain,
body fat, decreasing TC and TG HFD-fed obese mice [174]

Gegen Qinlian Decoction (GQD) Alleviating T2D, increasing the
amounts of beneficial bacteria

187 patients with type 2
diabetes (T2D) [176]

4. Conclusions and Perspectives

Currently, the gut microbiota has been recognized as a critical factor contributing to the
development of NAFLD and the gut microbial-related mechanisms have also been well elucidated.
As a result, the strategy of gut microbiota-targeted therapy on NAFLD is highly valued in the context
of accumulating benefits of gut microbial modulation by using probiotics, prebiotics, synbiotics,
antibiotics, and herbal medicines. Although many experimental reports were exciting, discrepant
results were also observed in the clinic. Therefore, the clinical efficacy of gut microbiota-targeted
therapies on NAFLD still need to be confirmed with large-scale and well-organized RCT studies.
The main factors contributing to the variation of therapeutic outcomes in the clinic are differences
in bacterial activity of probiotics or the diversified dysbiosis among NAFLD patients. In this sense,
probiotics with mixed bacteria such as VSL#3 are more prospective than those with individual type of
bacteria. Meanwhile, the gut microbiota-related efficacy of natural components from herbal medicines
or the TCM formula itself highlighted the great potential of seeking novel medicines from TCM
because some TCMs showed their effects by nourishing “good” bacteria and suppressing “bad” ones.
Currently, 16S rDNA-based sequencing is still the major approach for most gut microbiota-involved
studies because it is relatively affordable and applicable for most laboratories. Although 16S rDNA
sequencing can provide a general description on the structural differences of the microbiome between
samples, especially at the genus level, it is usually frustrating when information for specific bacteria
species is necessary. Consequently, metagenomics will be more applicable for figuring out specific
bacterial species that may contribute to the disease development or therapeutic efficacy, as well as the
involved microbial functions.

In summary, gut microbiota-targeted therapies for diseases are still in their infancy. Nevertheless,
we envision that more gut microbiota-targeted therapies will be tested in the context of accumulation
of therapeutic evidence and advances in elucidation of gut microbial-related mechanisms in diseases,
as well as the technological innovation of gut microbiome analysis.
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Appendix A

Search strategy

• The main source of material was pubmed, and the search keywords used were as follows:
“gut microbiota”, “gut flora”, “nonalcoholic fatty liver disease(NAFLD)”, “nonalcoholic
steatohepatitis(NASH)”, “steatosis”,“probiotic”, “prebiotic”, “antibiotic”, “herbal medicince”;
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• Selected papers have no language restrictions;
• Most of the papers selected were published during the past 10 years;
• References of some identified papers were further searched for related papers to cover this topic

as completely as possible.
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Abstract: The human gastrointestinal tract is colonised by a complex ecosystem of microorganisms.
Intestinal bacteria are not only commensal, but they also undergo a synbiotic co-evolution along
with their host. Beneficial intestinal bacteria have numerous and important functions, e.g., they
produce various nutrients for their host, prevent infections caused by intestinal pathogens, and
modulate a normal immunological response. Therefore, modification of the intestinal microbiota
in order to achieve, restore, and maintain favourable balance in the ecosystem, and the activity of
microorganisms present in the gastrointestinal tract is necessary for the improved health condition of
the host. The introduction of probiotics, prebiotics, or synbiotics into human diet is favourable for
the intestinal microbiota. They may be consumed in the form of raw vegetables and fruit, fermented
pickles, or dairy products. Another source may be pharmaceutical formulas and functional food.
This paper provides a review of available information and summarises the current knowledge on the
effects of probiotics, prebiotics, and synbiotics on human health. The mechanism of beneficial action
of those substances is discussed, and verified study results proving their efficacy in human nutrition
are presented.

Keywords: probiotic bacteria; prebiotics; synbiotics; human health; gut microbiota

1. Introduction

Nowadays, besides the basic role of nutrition consisting in the supply of necessary nutrients
for growth and development of the organism, some additional aspects are becoming increasingly
important, including the maintenance of health and counteracting diseases. In the world of highly
processed food, particular attention is drawn to the composition and safety of consumed products.
The quality of food is very important because of, i.e., the problem of food poisoning, obesity, allergy,
cardiovascular diseases, and cancer—the plague of the 21st century. Scientific reports point to the
health benefits of using probiotics and prebiotics in human nutrition. The word “probiotic” comes
from Greek, and it means “for life”. Most probably, it was Ferdinand Vergin who invented the
term “probiotic” in 1954, in his article entitled “Anti-und Probiotika” comparing the harmful effects
of antibiotics and other antibacterial agents on the intestinal microbiota with the beneficial effects
(“probiotika”) of some useful bacteria [1]. Some time after that, in 1965, Lilly and Stillwell described
probiotics as microorganisms stimulating the growth of other microorganisms [2]. The definition
of probiotics has been modified and changed many times. To emphasise their microbial origin,
Fuller (1989) stated that probiotics must be viable microorganisms and must exert a beneficial effect
on their host [3]. On the other hand, Guarner and Schaafsma (1998) indicated the necessary use of
an appropriate dose of probiotic organisms required to achieve the expected effect [4]. The current
definition, formulated in 2002 by FAO (Food and Agriculture Organization of the United Nations)
and WHO (World Health Organization) working group experts, states that probiotics are “live strains
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of strictly selected microorganisms which, when administered in adequate amounts, confer a health
benefit on the host” [5]. The definition was maintained by the International Scientific Association for
Probiotics and Prebiotics (ISAPP) in 2013 [6].

Results of clinical studies confirm the positive effect of probiotics on gastrointestinal diseases
(e.g., irritable bowel syndrome, gastrointestinal disorders, elimination of Helicobacter, inflammatory
bowel disease, diarrhoeas) and allergic diseases (e.g., atopic dermatitis). Many clinical studies
have proven the effectiveness of probiotics for treatment of diseases such as obesity, insulin
resistance syndrome, type 2 diabetes, and non-alcoholic fatty liver disease. Furthermore, the positive
effects of probiotics on human health have been demonstrated by increasing the body’s immunity
(immunomodulation). Scientific reports also show the benefits of the prophylactic use of probiotics in
different types of cancer and side effects associated with cancer. Many clinical studies have proven
the effectiveness of probiotics, and recommended doses of probiotics are those that have been used
in a particular case. Keep in mind that how probiotics work may depend on the strain, dose, and
components used to produce a given probiotic product.

In 1995, prebiotics were defined by Gibson and Roberfroid as non-digested food components
that, through the stimulation of growth and/or activity of a single type or a limited amount of
microorganisms residing in the gastrointestinal tract, improve the health condition of a host [7].
In 2004, the definition was updated and prebiotics were defined as selectively fermented components
allowing specific changes in the composition and/or activity of microorganisms in the gastrointestinal
tract, beneficial for host’s health and wellbeing [8]. Finally, in 2007, FAO/WHO experts described
prebiotics as a nonviable food component that confers a health benefit on the host associated with
modulation of the microbiota [9].

Prebiotics may be used as an alternative to probiotics or as an additional support for them.
However different prebiotics will stimulate the growth of different indigenous gut bacteria. Prebiotics
have enormous potential for modifying the gut microbiota, but these modifications occur at the level
of individual strains and species and are not easily predicted a priori. There are many reports on the
beneficial effects of prebiotics on human health.

High potential is attributed to the simultaneous use of probiotics and prebiotics. In 1995, Gibson
and Roberfroid introduced the term “synbiotic” to describe a combination of synergistically acting
probiotics and prebiotics [7]. A selected component introduced to the gastrointestinal tract should
selectively stimulate growth and/or activate the metabolism of a physiological intestinal microbiota,
thus conferring beneficial effect to the host’s health [10]. As the word “synbiotic” implies synergy,
the term should be reserved for those products in which a prebiotic component selectively favours a
probiotic microorganism [11]. The principal purpose of that type of combination is the improvement
of survival of probiotic microorganisms in the gastrointestinal tract.

Synbiotics have both probiotic and prebiotic properties and were created in order to overcome
some possible difficulties in the survival of probiotics in the gastrointestinal tract [12]. Therefore,
an appropriate combination of both components in a single product should ensure a superior effect,
compared to the activity of the probiotic or prebiotic alone [13,14].

The aim of the review was to discuss the mechanisms of action of probiotics, prebiotics, and
synbiotics, as well as the current insight into their effect on human health. The selection of probiotic
strains, prebiotics, and their respective dosages is crucial in obtaining a therapeutic effect, so separate
sections are dedicated to this topic. Further research into the acquisition of new probiotic strains,
the selection of probiotics and prebiotics for synbiotics, dose setting, safety of use, and clinical trials
documenting the desired health effects is necessary. Effects should be confirmed in properly scheduled
clinical trials conducted by independent research centres.

2. Probiotics

The knowledge of the beneficial effects of lactic acid fermentation on human health dates back to
ancient times. The Bible mentions sour milk several times. Ancient Romans and Greeks knew various
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recipes for fermented milk. A specific type of sour milk, called “leben raib”, prepared from buffalo,
cow, or goat milk, was consumed in ancient Egypt. A similar “jahurt” was also commonly consumed
by people inhabiting the Balkans. In India, fermented milk drinks were known already 800–300 years
B.C., and in Turkey in the 8th century. A milk drink called “ajran” was consumed in Central Russia in
the 12th century, and “tarho” was consumed in Hungary in the 14th century [15].

A particular interest in lactic acid fermentation was expressed in the beginning of the 20th century
by the Russian scientist and immunologist working for the Pasteur Institute in Paris, awarded with
the Nobel Prize in medicine for his work on immunology (in 1907), Ilia Miecznikow. Here is a quote
from his book “Studies on Optimism”: “with various foods undergoing lactic acid fermentation and
consumed raw (sour milk, kefir, sauerkraut, pickles) humans introduced huge amounts of proliferating
lactic acid bacteria to their alimentary tracts” [16].

2.1. Selection Criteria and Requirements for Probiotic Strains

According to the suggestions of the WHO, FAO, and EFSA (the European Food Safety Authority),
in their selection process, probiotic strains must meet both safety and functionality criteria, as well as
those related to their technological usefulness (Table 1). Probiotic characteristics are not associated
with the genus or species of a microorganism, but with few and specially selected strains of a
particular species [6]. The safety of a strain is defined by its origin, the absence of association with
pathogenic cultures, and the antibiotic resistance profile. Functional aspects define their survival
in the gastrointestinal tract and their immunomodulatory effect. Probiotic strains have to meet the
requirements associated with the technology of their production, which means they have to be able
to survive and maintain their properties throughout the storage and distribution processes [17].
Probiotics should also have documented pro-health effects consistent with the characteristics of the
strain present in a marketed product. Review papers and scientific studies on one strain may not be
used for the promotion of other strains as probiotics. It has to be considered, as well, that the studies
documenting probiotic properties of a particular strain at a tested dose do not constitute evidence of
similar properties of a different dose of the same strain. Also, the type of carrier/matrix is important,
as it may reduce the viability of a particular strain, thus changing the properties of a product [18,19].

Table 1. Selection criteria of probiotic strains [5,20].

Criterion Required Properties

Safety

• Human or animal origin.
• Isolated from the gastrointestinal tract of healthy individuals.
• History of safe use.
• Precise diagnostic identification (phenotype and genotype traits).
• Absence of data regarding an association with infective disease.
• Absence of the ability to cleave bile acid salts.
• No adverse effects.
• Absence of genes responsible for antibiotic resistance localised in non-stable elements.

Functionality

• Competitiveness with respect to the microbiota inhabiting the intestinal ecosystem.
• Ability to survive and maintain the metabolic activity, and to grow in the target site.
• Resistance to bile salts and enzymes.
• Resistance to low pH in the stomach.
• Competitiveness with respect to microbial species inhabiting the intestinal ecosystem

(including closely related species).
• Antagonistic activity towards pathogens (e.g., H. pylori, Salmonella sp., Listeria monocytogenes,

Clostridium difficile).
• Resistance to bacteriocins and acids produced by the endogenic intestinal microbiota.
• Adherence and ability to colonise some particular sites within the host organism, and an appropriate

survival rate in the gastrointestinal system.

Technological
usability

• Easy production of high biomass amounts and high productivity of cultures.
• Viability and stability of the desired properties of probiotic bacteria during the fixing process

(freezing, freeze-drying), preparation, and distribution of probiotic products.
• High storage survival rate in finished products (in aerobic and micro-aerophilic conditions).
• Guarantee of desired sensory properties of finished products (in the case of the food industry).
• Genetic stability.
• Resistance to bacteriophages.
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2.2. Probiotic Microorganisms

Probiotic products may contain one or more selected microbial strains. Human probiotic
microorganisms belong mostly to the following geni: Lactobacillus, Bifidobacterium, and Lactococus,
Streptococcus, Enterococcus. Moreover, strains of Gram-positive bacteria belonging to the genus Bacillus and
some yeast strains belonging to the genus Saccharomyces are commonly used in probiotic products [21].

Probiotics are subject to regulations contained in the general food law, according to which they
should be safe for human and animal health. In the USA, microorganisms used for consumption
purposes should have the GRAS (Generally Regarded As Safe) status, regulated by the FDA (Food and
Drug Administration). In Europe, EFSA introduced the term of QPS (Qualified Presumption of Safety).
The QPS concept involves some additional criteria of the safety assessment of bacterial supplements,
including the history of safe usage and absence of the risk of acquired resistance to antibiotics [22,23].
Table 2 presents probiotic microorganisms contained in pharmaceutical products and as food additives.

Table 2. Probiotic microorganisms used in human nutrition [24–26].

Type Lactobacillus Type Bifidobacterium Other Lactic Acid Bacteria Other Microorganisms

L. acidophilus (a),*
L. amylovorus (b),*

L. casei (a),(b),*
L. gasseri (a),*

L. helveticus (a),*
L. johnsonii (b),*
L. pentosus (b),*

L. plantarum (b),*
L. reuteri (a),*

L. rhamnosus (a),(b),*

B. adolescentis (a)

B. animalis (a),*
B. bifidum (a)

B. breve (b)

B. infantis (a)

B. longum (a),*

Enterococcus faecium (a)

Lactococcus lactis (b),*
Streptococcus thermophilus (a),*

Bacillus clausii (a),*
Escherichia coli Nissle 1917 (a)

Saccharomyces cerevisiae
(boulardi) (a),*

(a) Mostly as pharmaceutical products; (b) mostly as food additives; * QPS (Qualified Presumption of Safety) microorganisms.

2.3. Mechanism of Action of Probiotics

A significant progress has been observed lately in the field of studies on probiotics, mostly in
terms of the selection and characteristics of individual probiotic cultures, their possible use, and their
effect on health.

Probiotics have numerous advantageous functions in human organisms. Their main advantage
is the effect on the development of the microbiota inhabiting the organism in the way ensuring
proper balance between pathogens and the bacteria that are necessary for a normal function of the
organism [27,28]. Live microorganisms meeting the applicable criteria are used in the production
of functional food and in the preservation of food products. Their positive effect is used for the
restoration of natural microbiota after antibiotic therapy [29,30]. Another function is counteracting
the activity of pathogenic intestinal microbiota, introduced from contaminated food and environment.
Therefore, probiotics may effectively inhibit the development of pathogenic bacteria, such as
Clostridium perfringens [31], Campylobacter jejuni [32], Salmonella Enteritidis [33], Escherichia coli [34],
various species of Shigella [35], Staphylococcus [36], and Yersinia [37], thus preventing food poisoning.
A positive effect of probiotics on digestion processes, treatment of food allergies [38,39], candidoses [40],
and dental caries [41] has been confirmed. Probiotic microorganisms such as Lactobacillus plantarum [42],
Lactobacillus reuteri [43], Bifidobacterium adolescentis, and Bifidobacterium pseudocatenulatum [44] are
natural producers of B group vitamins (B1, B2, B3, B6, B8, B9, B12). They also increase the efficiency of
the immunological system, enhance the absorption of vitamins and mineral compounds, and stimulate
the generation of organic acids and amino acids [18,45–47]. Probiotic microorganisms may also be able
to produce enzymes, such as esterase, lipase, and co-enzymes A, Q, NAD, and NADP. Some products of
probiotics’ metabolism may also show antibiotic (acidophiline, bacitracin, lactacin), anti-cancerogenic,
and immunosuppressive properties [45,48–50].

Molecular and genetic studies allowed the determination of the basics of the beneficial effect of
probiotics, involving four mechanisms:
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(1) Antagonism through the production of antimicrobial substances [51];
(2) Competition with pathogens for adhesion to the epithelium and for nutrients [52];
(3) Immunomodulation of the host [53];
(4) Inhibition of bacterial toxin production [54].

The first two mechanisms are directly associated with their effect on other microorganisms.
Those mechanisms are important in prophylaxis and treatment of infections, and in the maintenance
of balance of the host’s intestinal microbiota. The ability of probiotic strains to co-aggregate, as one of
their mechanisms of action, may lead to the formation of a protective barrier preventing pathogenic
bacteria from the colonisation of the epithelium [27]. Probiotic bacteria may be able to adhere to
epithelial cells, thus blocking pathogens. That mechanism exerts an important effect on the host’s
health condition. Moreover, the adhesion of probiotic microorganisms to epithelial cells may trigger a
signalling cascade, leading to immunological modulation. Alternatively, the release of some soluble
components may cause a direct or indirect (through epithelial cells) activation of immunological cells.
This effect plays an important role in the prevention and treatment of contagious diseases, as well as in
chronic inflammation of the alimentary tract or of a part thereof [28]. There are also suggestions of a
possible role of probiotics in the elimination of cancer cells [55].

Results of in vitro studies indicate the role of low-molecular-weight substances produced
by probiotic microorganisms (e.g., hydroperoxide and short-chain fatty acids) in inhibiting the
replication of pathogens [28]. For example, Lactobacillus genus bacteria may be able to produce
bacteriocins, including low-molecular-weight substances (LMWB—antibacterial peptides), as well
as high-molecular-weight ones (class III bacteriocins), and some antibiotics. Probiotic bacteria
(e.g., Lactobacillus and Bifidobacterium) may produce the so-called de-conjugated bile acids (derivatives
of bile acids), demonstrating stronger antibacterial effect than the bile salts produced by their
host [28,56]. Further studies are necessary to explain the mechanism of acquiring resistance to
their own metabolites by Lactobacillus genus bacteria. The nutrient essential for nearly all bacteria,
except for lactic acid bacteria, is iron. It turns out that Lactobacillus bacteria do not need iron in
their natural environment, which may be their crucial advantage over other microorganisms [57].
Lactobacillus delbrueckii affects the function of other microbes by binding iron hydroxide to its cellular
surface, thus making it unavailable to other microbes [58].

The immunomodulatory effect of the intestinal microbiota, including probiotic bacteria, is based
on three, seemingly contradictory phenomena [53,59]:

(1) Induction and maintenance of the state of immunological tolerance to environmental antigens
(nutritional and inhalatory);

(2) Induction and control of immunological reactions against pathogens of bacterial and viral origin;
(3) Inhibition of auto-aggressive and allergic reactions.

Probiotic-induced immunological stimulation is also manifested by the increased production of
immunoglobulins, enhanced activity of macrophages and lymphocytes, and stimulation of γ-interferon
production. Probiotics may influence the congenital and acquired immunological system through
metabolites, components of the cellular wall, and DNA, recognised by specialised cells of the host
(e.g., those equipped with receptors) [28]. The principal host cells that are important in the context of
the immune response are intestinal epithelial cells and intestinal immune cells. Components of the
cellular wall of lactic acid bacteria stimulate the activity of macrophages. Those, in turn, are able to
destroy microbes rapidly by the increased production of free oxygen radicals and lysosomal enzymes.
Probiotic bacteria are also able to stimulate the production of cytokines by immunocompetent cells
of the gastrointestinal tract [60]. On the other hand, the immunological activity of yeast is associated
with the presence of glucans in their cellular wall. Those compounds stimulate the response of the
reticuloendothelial system [61].

The last of the abovementioned probiotic effects—inhibition of the production of bacterial
toxins—is based on actions leading to toxin inactivation and help with the removal of toxins from
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the body. Help in detoxification from the body can take place by adsorption (some strains can bind
toxins to their cell wall and reduce the intestinal absorption of toxins), but can also result from the
metabolism of mycotoxins (e.g., aflatoxin) by microorganisms [62–64]. However, not all probiotics
exhibit detoxifying properties, as it is a strain-related characteristic. Studies should therefore be
conducted to select strains with such characteristics. The effectiveness of some probiotics in combating
diarrhoea is probably associated with their ability to protect the host from toxins. The reduction
of metabolic reactions leading to the production of toxins is also associated with the stimulation of
pathways leading to the production of native enzymes, vitamins, and antimicrobial substances [28].

Gut microbiota play a significant role in host metabolic processes (e.g., the regulation of cholesterol
absorption, blood pressure (BP), and glucose metabolism), and recent metagenomic surveys have
revealed that they are involved in host immune modulation and that they influence host development
and physiology (organ development) [65–67]. Nutritional programming to manipulate the composition
of the intestinal microbiota through the administration of probiotics continues to receive much attention
for the prevention or attenuation of the symptoms of metabolic-related diseases. Currently, studies are
exploring the potential for expanded uses of probiotics for improving health conditions in metabolic
disorders that increase the risk of developing cardiovascular diseases such as hypertension. Further
investigations are required to evaluate the targeted and effective use of the wide variety of probiotic
strains in various metabolic disorders to improve the overall health status of the host [65].

In order to confirm the beneficial role of probiotics in improving cardiovascular health and in the
reduction of BP, more extensive studies are needed to understand the mechanisms underlying probiotic
action. Most probably, all of the abovementioned mechanisms of probiotic action have an effect on the
protection against infections, cancer, and the stabilization of balance of the host’s intestinal microbiota.
However, it seems unlikely that each of the probiotic microorganisms has properties of all four aspects
simultaneously and constitutes a universal remedy to multiple diseases. An important role in the action
of probiotics is played by species- and strain-specific traits, such as: cellular structure, cell surface,
size, metabolic properties, and substances secreted by microorganisms. The use of a combination of
probiotics demonstrating various mechanisms of action may provide enhanced protection offered by a
bio-therapeutic product [68]. Figure 1 summarises the mechanisms and effects of action of probiotics.

Figure 1. Mechanisms of action of synbiotics and their effects.
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2.4. Probiotics for Humans

In the face of widespread diseases and ageing societies, the use of knowledge on microbiocenosis
of the gastrointestinal tract and on the beneficial effect of probiotic bacteria is becoming increasingly
important. The consumption of pre-processed food (fast food), often containing excessive amounts of
fat and insufficient amounts of vegetables, is another factor of harmful modification of human intestinal
microbiota. There is currently no doubt about the fact that the system of intestinal microorganisms and
its desirable modification with probiotic formulas and products may protect people against enteral
problems, and influence the overall improvement of health.

Probiotics may be helpful in the treatment of inflammatory enteral conditions, including ulcerative
colitis, Crohn’s disease, and non-specific ileitis. The aetiology of those diseases is not completely
understood, but it is evident that they are associated with chronic and recurrent infections or
inflammations of the intestine. Clinical studies have demonstrated that probiotics lead to the remission
of ulcerative colitis, but no positive effect on Crohn’s disease has been observed [69,70]. Numerous
studies assessed the use of probiotics in the treatment of lactose intolerance [71,72], irritable bowel
syndrome, and the prevention of colorectal cancer [73] and peptic ulcers [74].

Considering their role in the inhibition of some bacterial enzymes, probiotics may reduce the
risk of colorectal carcinoma in animals. However, the same effect in humans has not been confirmed
in clinical trials [75]. On the other hand, a positive effect on the urogenital system (prevention and
treatment of Urinary Tract Infections (UTIs) and bacterial vaginitis) constitutes an excellent example
of the benefits associated with the use of probiotics [76–78]. There were attempts to apply probiotics
to pregnant women and neonates in order to prevent allergic diseases such as atopic dermatitis.
However, the scope of action is controversial in this kind of case [79]. There is evidence that the
consumption of probiotics-containing dairy products results in the reduction of blood cholesterol,
which may be helpful in the prevention of obesity, diabetes, cardiovascular diseases, and cerebral
stroke [80]. The reduction of cholesterol level achieved due to probiotics is less pronounced compared
to the effect of pharmaceutical agents, but leads to a significant minimisation of side effects [80].
Other studies confirmed the effect of the probiotic formula VSL#3 and of the Oxalobacter formigenes
bacterial strain on the elimination of oxalates with urine, which may potentially reduce the risk of
urolithiasis [81]. Studies on animals demonstrated that orally administered Lactobacillus acidophilus
induces expression of μ-opioid and cannabinoid receptors in intestinal cells and mediate analgesic
functions in the intestine, and that the observed effect is comparable to the effect of morphine [82].
However, the effect has not been demonstrated in humans.

There are many reports on the application of probiotics in the treatment of diarrhoea.
The application of Saccharomyces boulardii yeast to patients with acute, watery diarrhoea resulted in the
cure and reduced frequency of that type of complaints in two subsequent months [83]. The efficacy
of probiotic strains in the therapy of nosocomial, non-nosocomial, and viral diarrhoeas has also been
documented. It turns out that probiotics may increase the amount of IgA antibodies, which leads to
the arrest of a viral infection [84].

Antibiotic-associated diarrhoea (AAD) is a common complication of most antibiotics and
Clostridium difficile disease (CDD), which also is incited by antibiotics, and is a leading cause of
nosocomial outbreaks of diarrhoea and colitis. The use of probiotics for these two related diseases
remains controversial. A variety of different types of probiotics show promise as effective therapies
for these two diseases. Using meta-analyses, three types of probiotics (Saccharomyces boulardii,
Lactobacillus rhamnosus GG, and probiotic mixtures) significantly reduced the development of
antibiotic-associated diarrhoea. Only S. boulardii was effective for CDD [85].

Studies performed in a foster home in Helsinki (Finland) demonstrated that the regular use of
Lactobacillus rhamnosus GG in the form of a probiotic resulted in a reduced number of respiratory
tract infections [86]. Other studies demonstrated that the application of a diet depleted of fermented
foods caused a reduction of congenital immunological response, as well as a significant reduction of
stool Lactobacillus count and of the stool amount of short-chain fatty acids. Moreover, the reduction
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of phagocytic activity of leukocytes was observed after two weeks of the diet, which could have a
negative impact on the organism’s ability to protect against infections [87]. The effect of a fermented
product containing Lactobacillus gasseri CECT5714 and Lactobacillus coryniformis CECT5711 strains on
blood and stool parameters was studied in a randomised, double-blind trial on 30 healthy volunteers.
No negative effects were observed in the group of subjects receiving the probiotic strains. Some positive
effects were observed, including: the production of short-chain fatty acids, humidity, frequency and
volume of stools, and subjective improvement of intestinal function [88]. Studies by Alvaro et al. (2007)
demonstrated a significant reduction of Enterobacteriaceae count and increased galactosidase activity in
the alimentary tract of yoghurt consumers, compared to those who did not eat yoghurt [89]. Table 3
lists the results of studies focusing on the effect of probiotics on human health. There are examples of
clinical trials during which the probiotics group received the probiotic prophylactically or in addition
to the standard therapy.

Table 3. Examples of clinical trials regarding the effect of probiotics on human health.

References Subjects Microorganism
Time of

Administration
Main Outcome

Obesity

[90] 50 obese
adolescents L. salivarius Ls-33 12 weeks Increase in the ratios of Bacteroides, Prevotellae,

and Porphyromonas.

[91] 50 adolescents
with obesity L. salivarius Ls-33 12 weeks No effect.

[92] 87 subjects with
high BMI L. gasseri SBT2055 12 weeks Reduction in BMI, waist, abdominal VFA, and

hip circumference.

[93] 210 adults with
large VFA L. gasseri SBT2055 12 weeks Reduction in BMI and arterial BP values.

[94] 40 adults with
obesity L. plantarum 3 weeks Reduction in BMI and arterial BP values.

[95–97] 75 subjects with
high BMI

L. acidophilus La5,
B. lactis Bb12, L.

casei DN001
8 weeks Changes in gene expression in PBMCs as well as BMI,

fat percentage, and leptin levels.

[98] 70 overweight and
obese subjects

E. faecium and 2, S.
thermophilus strains 8 weeks Reduction in body weight, systolic BP, LDL-C, and

increase in fibrinogen levels.

[99] 60 overweight
subjects

Bifidobacterium,
Lactobacillus, S.

thermophilus
6 weeks Improvement in lipid profile, insulin sensitivity, and

decrease in CRP.

[100] 58 obese PM
women L. paracasei N19 6 weeks No effect.

[101] 156 overweight
adults

L. acidophilus La5,
B. animalis subsp.

lactis Bb12
6 weeks Reduction in fasting glucose concentration and increase

in HOMA-IR.

Insulin resistance syndrome

[102] 28 patients
with IRS L. casei Shirota 12 weeks No effect.

[103] 30 patients
with IRS L. casei Shirota 12 weeks Significant reduction in the VCAM-1 level.

[104] 24 PM women
with IRS L. plantarum 12 weeks Glucose and homocysteine levels were

significantly reduced.

Type 2 diabetes

[105] 40 patients
with T2D L. planatarum A7 8 weeks Decreased methylation process, SOD, and 8-OHDG.

[106] 45 patients
with T2D

L. acidophilus La-5,
B. animalis subsp.

lactis BB-12
6 weeks Significant difference between groups concerning mean

changes of HbA1c, TC, and LDL-C.
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Table 3. Cont.

References Subjects Microorganism
Time of

Administration
Main Outcome

[107] 44 patients
with T2D

L. acidophilus La-5,
B. animalis subsp.

lactis BB-12
8 weeks Increased HDL-C levels and decreased

LDL-C/HDL-C ratio.

[108] 64 patients
with T2D

L. acidophilus La5,
B. lactis Bb12 6 weeks Reduced fasting blood glucose and antioxidant status.

[109] 60 patients
with T2D

L. acidophilus La5,
B. lactis Bb12 6 weeks TC and LDL-C improvement.

[110] 45 males with T2D L. acidophilus
NCFM 4 weeks No effect.

Non-alcoholic fatty liver disease

[111] 20 obese children
with NAFLD L. rhamnosus GG 8 weeks Decreased ALT and PG-PS IgAg antibodies.

[112]
28 adult

individuals with
NAFLD

L. bulgaris, S.
thermophilus 12 weeks Decreased ALT and γ-GTP levels.

[113] 72 patients with
NAFLD

L.acidophilus La5, B.
breve subsp. lactis

Bb12
8 weeks Reduced serum levels of ALT, ASP, TC, and LDL-C.

[114] 44 obese children
with NAFLD

Bifidobacterium,
Lactobacillus, S.

thermophilus
16 weeks Improved fatty liver severity, decreased BMI, and

increased GLP1/aGLP1.

Irritable bowel syndrome (IBS), gastrointestinal disorders, elimination of Helicobacter, inflammatory bowel disease (IBD), diarrhoeas

[115] 59 adults infected
with H. pylori

L. acidophilus La5,
B. lactis Bb12 6 weeks Inhibitory effect against Helicobacter pylori.

[116] 16 patients infected
with H. pylori L. casei Shirota 6 weeks Inhibited growth of Helicobacter pylori (by 64% in the

probiotic group, and by 33% in the control).

[117]

269 children with
otitis media and/or

respiratory tract
infections

S. cerevisiae
(boulardii) No data

Diarrhoea was less common in children receiving
probiotic yeast (7.5%) compared to those receiving

placebo (23%). No negative side effects were observed.

[118] 77 patients with
ulcerative colitis Probiotic VSL#3 12 weeks Remission in 42.9% of patients in the probiotic group,

and in 15.7% of patients in the placebo group.

[119]
90 breastfed

neonates with
intestinal colic

L. reuteri ATCC
55730 6 months

Elimination of pain and symptoms associated with
intestinal colic already after one week of the use of

the probiotic.

Atopic dermatitis

[120]

512 pregnant
women and 474
their newborn

infants

L. rhamnosus
HN001

women—from
35 weeks gestation
until 6 months if

breastfeeding,
infants—from birth

to 2 years

Substantially reduced the cumulative prevalence of
eczema in infants.

[121]
53 children with

moderate of severe
atopic dermatitis

L. fermentum VRI
033 PCCTM 8 weeks Reduction in SCORAD.

[122]

156 mothers of
high-risk children

(i.e., positive family
history of allergic
disease) and their

offspring

B. bifidum, B. lactis,
L. lactis

Mothers—the last 6
weeks of

pregnancy,
offspring—12

months

Significantly reduction eczema in high-risk for a
minimum of 2 years provided that the probiotic was
administered to the infant within 3 months of birth.

[123] 50 children
with AD

B. animalis subsp
lactis 8 weeks Significant reduction in the severity of AD with an

improved ration of IFN-γ and IL-10.
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Table 3. Cont.

References Subjects Microorganism
Time of

Administration
Main Outcome

Alleviation of lactose intolerance

[124]

15 healthy,
free-living adults

with lactose
maldigestion

S. lactis,
L. plantarum,

S. cremoris, L. casei,
S. diacetylactis,
S. florentinus,

L. cremoris

1 day Improved lactose digestion and tolerance.

[125] 44 patients

B. animalis subsp.
animalis IM386
(DSM 26137),
L. plantarum

MP2026
(DSM 26329)

6 weeks A significant lowering effect on diarrhoea and flatulence.

Different types of cancer and side effects associated with cancer

[126]
100 patients with

colorectal
carcinoma

L. plantarum
CGMMCC No

1258, L. acidophilus
LA-11, B. longum

BL-88

16 days Improvement in the integrity of gut mucosal barrier and
decrease in infections complications.

[127]

63 patients with
diarrhoea during
radiotherapy in
cervical cancer

L. acidophilus,
B. bifidum 7 weeks Reduction in incidence of diarrhoea and better

stool consistency.

[128]
150 patients

diagnosed with
colorectal cancer

L. rhamnosus 573 24 weeks
Patients had less grade 4 or 4 diarrhoea, less abdominal

discomfort, needed less hospital care, and had fewer
chemo dose reductions due to bowel toxicity.

Abbreviations: AD—atopic dermatitis; ALT—alanine amino transferase; ASP—aspartate amino transferase;
BMI—body mass index; BP—blood pressure; CRP—C-reactive protein; γ-GTP—γ-glutamyltranspeptidase;
GLP1—glucagon-like peptide 1; HDL-C—high-density lipoprotein cholesterol; HOMA-IR—homeostasis
model assessment of insulin resistance; IL-10—interleukin 10; LDL-C—low-density lipoprotein
cholesterol; NAFLD—non-alcoholic fatty liver disease; PBMC—peripheral blood mononuclear cell;
PM—postmenopausal; SCORAD—SCORing Atopic Dermatitis; SOD—superoxide dismutase, sVCAM-1—soluble
vascular cell adhesion molecule-1; TC—total cholesterol; T2D—type 2 diabetes; VFA—visceral fat area;
8-OHDG—8-hydroxy-2′-deoxyguanosine.

3. Prebiotics

Different prebiotics will stimulate the growth of different indigenous gut bacteria. Prebiotics have
enormous potential for modifying the gut microbiota, but these modifications occur at the level of
individual strains and species and are not easily predicted a priori. Furthermore, the gut environment,
especially pH, plays a key role in determining the outcome of interspecies competition. Both for
reasons of efficacy and of safety, the development of prebiotics intended to benefit human health has
to take account of the highly individual species profiles that may result [129].

Fruit, vegetables, cereals, and other edible plants are sources of carbohydrates constituting
potential prebiotics. The following may be mentioned as such potential souces: tomatoes,
artichokes, bananas, asparagus, berries, garlic, onions, chicory, green vegetables, legumes, as well
as oats, linseed, barley, and wheat [130]. Some artificially produced prebiotics are, among others:
lactulose, galactooligosaccharides, fructooligosaccharides, maltooligosaccharides, cyclodextrins, and
lactosaccharose. Lactulose constitutes a significant part of produced oligosaccharides (as much as 40%).
Fructans, such as inulin and oligofructose, are believed to be the most used and effective in relation to
many species of probiotics [131].

3.1. Prebiotic Selection Criteria

According to Wang (2009), there are five basic criteria for the classification of food components
such as prebiotics (Figure 2) [132]. The first criterion assumes that prebiotics are not digested (or just
partially digested) in the upper segments of the alimentary tract. As a consequence, they reach the
colon, where they are selectively fermented by potentially beneficial bacteria (a requirement of the
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second criterion) [133]. The fermentation may lead to the increased production or a change in the
relative abundance of different short-chain fatty acids (SCFAs), increased stool mass, a moderate
reduction of colonic pH, reduction of nitrous end products and faecal enzymes, and an improvement
of the immunological system [134], which is beneficial for the host (the requirement of the third
criterion). Selective stimulation of growth and/or activity of the intestinal bacteria potentially
associated with health protection and wellbeing is considered another criterion [8]. The last criterion
of the classification assumes that a prebiotic must be able to withstand food processing conditions and
remained unchanged, non-degraded, or chemically unaltered and available for bacterial metabolism
in the intestine [132]. Huebner et al. (2008) tested several commercially available prebiotics using
various processing conditions. They found no significant changes of the prebiotic activity of the tested
substances in various processing conditions [135]. Meanwhile, Ze et al. (2012) showed that it was
possible to alter the ability of gut bacteria by utilising starch in vitro [136]. The structure of prebiotics
should be appropriately documented, and components used as pharmaceutical formulas, food, or feed
additives should be relatively easy to obtain at an industrial scale [137].

 

Prebiotic selection criteria

Resistance to 
digestion in the upper 

sections of the 
alimentary tract.

Fermentation by 
intestinal microbiota.

Beneficial effect on 
host's health.

Selective stimulation 
of growth of 
probiotics.

Stability in various 
food/feed processing 

conditions.

Figure 2. Requirements for potential prebiotics [132,138].

Prebiotics may be used as an alternative to probiotics or as an additional support for them.
Long-term stability during the shelf-life of food, drinks, and feed, resistance to processing, and physical
and chemical properties that exhibit a positive effect on the flavour and consistence of products may
promote prebiotics as a competition to probiotics. Additionally, resistance to acids, proteases, and
bile salts present in the gastrointestinal tract may be considered as other favourable properties of
prebiotics. Prebiotic substances selectively stimulate microorganisms present in the host’s intestinal
ecosystem, thus eliminating the need for competition with bacteria. Stimulation of the intestinal
microbiota by prebiotics determines their fermentation activity, simultaneously influencing the SCFA
level, which confers a health benefit on the host [139,140]. Moreover, prebiotics cause a reduction
of intestinal pH and maintain the osmotic retention of water in the bowel [134]. However, it should
be considered that an overdose of prebiotics may lead to flatulence and diarrhoea—these effects are
absent in the case of excessive consumption of probiotics. Prebiotics may be consumed on a long-term
basis and for prophylactic purposes. Moreover, when used at correct doses, they do not stimulate any
adverse effects, such as diarrhoea, susceptibility to UV light, or hepatic injuries caused by antibiotics.
Prebiotic substances are not allergenic and do not proliferate the abundance of antibiotic-resistance
genes. Of course, the effect of the elimination of selected pathogens achieved by the use of prebiotics
may be inferior to antibiotics, but the properties mentioned above make them a natural substitute for
antibiotics [134].

3.2. Prebiotic Substances

The majority of identified prebiotics are carbohydrates of various molecular structures, naturally
occurring in human and animal diets. The physiological properties of potential prebiotics determine
their beneficial effect on the host’s health. Prebiotics may be classified according to those properties
as [134]:
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• not digested (or only partially digested);
• not absorbed in the small intestine;
• poorly fermented by bacteria in the oral cavity;
• well fermented by seemingly beneficial intestinal bacteria;
• poorly fermented by potential pathogens in the bowel.

Carbohydrates, such as dietary fibre, are potential prebiotics. Prebiotic and dietary fibre are
terms used alternatively for food components that are not digested in the gastrointestinal tract.
A significant difference between those two terms is that prebiotics are fermented by strictly defined
groups of microorganisms, and dietary fibre is used by the majority of colonic microorganisms [141].
Therefore, considering one of the basic classification criteria, it turns out that using those terms
alternatively is not always correct. Prebiotics may be a dietary fibre, but dietary fibre is not always
a prebiotic [138]. The following non-starch polysaccharides are considered to be dietary fibre:
cellulose, hemicellulose, pectins, gums, substances obtained from marine algae, as well as lactulose,
soy oligosaccharides, inulins, fructooligosaccharides, galactooligosaccharides, xylooligosaccharides,
and isomaltooligosaccharides. Based on the number of monomers bound together, prebiotics
may be classified as: disaccharides, oligosaccharides (3–10 monomers), and polysaccharides.
The most promising and fulfilling criteria for the classification of prebiotic substances, as evidenced
by in vitro and in vivo studies, are oligosaccharides, including [142,143]: fructooligosaccharides
(FOS), galactooligosaccharides (GOS), isomaltooligosaccharides (IMO), xylooligosaccharides (XOS),
transgalactooligosaccharides (TOS), and soybean oligosaccharides (SBOS).

Also, polysaccharides such as inulin, reflux starch, cellulose, hemicellulose, or pectin may
potentially be prebiotics. Examples of prebiotics that are most commonly used in human
nutrition are presented in Table 4. The use of glucooligosaccharides, glicooligosaccharides,
lactitol, izomaltooligosaccharides, stachyose, raffinose, and saccharose as prebiotics requires further
studies [144].

Table 4. Examples of prebiotics and synbiotics used in human nutrition [134,145,146].

Human Nutrition

Prebiotics Synbiotics

FOS
GOS

Inulin
XOS

Lactitol
Lactosucrose

Lactulose
Soy oligosaccharides

TOS

Lactobacillus genus bacteria + inulin
Lactobacillus, Streptococcus and Bifidobacterium genus bacteria + FOS
Lactobacillus, Bifidobacterium, Enterococcus genus bacteria + FOS
Lactobacillus and Bifidobacterium genus bacteria + oligofructose
Lactobacillus and Bifidobacterium genus bacteria + inulin

Abbreviations: FOS—fructooligosaccharides; GOS—galactooligosaccharides; TOS—transgalactooligosaccharides;
XOS—xylooligosaccharides.

3.3. Mechanism of Action of Prebiotics

Prebiotics are present in natural products, but they may also be added to food. The purpose
of these additions is to improve their nutritional and health value. Some examples are: inulin,
fructooligosaccharides, lactulose, and derivatives of galactose and β-glucans. Those substances may
serve as a medium for probiotics. They stimulate their growth, and contain no microorganisms.

Figure 2 presents the principal mechanisms of prebiotic action and some of their effects on the
host’s health. Prebiotics are not digested by host enzymes and reach the colon in a practically unaltered
form, where they are fermented by saccharolytic bacteria (e.g., Bifidobacterium genus). The consumption
of prebiotics largely affects the composition of the intestinal microbiota and its metabolic activity [147].
This is due to the modulation of lipid metabolism, enhanced absorbability of calcium, effect on
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the immunological system, and modification of the bowel function [147]. It is highly probable that
providing an energy source that only specific species in the microbiota can utilize has a greater impact
on microbiota composition and metabolism than these other factors. The molecular structure of
prebiotics determines their physiological effects and the types of microorganisms that are able to use
them as a source of carbon and energy in the bowel [134]. It was demonstrated that, despite the variety
of carbohydrates that exhibit the prebiotic activity, the effect of their administration is an increased
count of beneficial bacteria, mostly of the Bifidobacterium genus [148,149].

The mechanism of a beneficial effect of prebiotics on immunological functions remains unclear.
Several possible models have been proposed [150]:

(1) Prebiotics are able to regulate the action of hepatic lipogenic enzymes by influencing the increased
production of short-chain fatty acids (SCFAs), such as propionic acid.

(2) The production of SCFAs (especially of butyric acid) as a result of fermentation was identified
as a modulator of histone acetylation, thus increasing the availability of numerous genes for
transcription factors.

(3) The modulation of mucin production.
(4) It was demonstrated that FOS and several other prebiotics cause an increased count of lymphocytes

and/or leukocytes in gut-associated lymphoid tissues (GALTs) and in peripheral blood.
(5) The increased secretion of IgA by GALTs may stimulate the phagocytic function of

intra-inflammatory macrophages.

The main aim of prebiotics is to stimulate the growth and activity of beneficial bacteria in the
gastrointestinal tract, which confers a health benefit on the host. Through mechanisms including
antagonism (the production of antimicrobial substances) and competition for epithelial adhesion
and for nutrients, the intestinal microbiota acts as a barrier for pathogens. Final products of
carbohydrate metabolism are mostly SCFAs, namely: acetic acid, butyric acid, and propionic acid,
which are subsequently used by the host as a source of energy [151]. As a result of the fermentation
of carbohydrates, Bifidobacterium or Lactobacillus may produce some compounds inhibiting the
development of gastrointestinal pathogens, as well as cause a reduction in the intestinal pH [152].
Moreover, Bifidobacterium genus bacteria demonstrate tolerance to the produced SCFAs and reduced
pH. Therefore, due to their favourable effect on the development of beneficial intestinal bacteria,
the administration of prebiotics may participate in the inhibition of the development of pathogens.
There are very few documented study results regarding the inhibition of the development of pathogens
by prebiotics. In 1997 and 2003, Bovee-Oudenhoven et al. studied the use of lactulose in the prevention
of Salmonella Enteritidis infections on a rat model. Their results indicated that the acidification of
the intestine occurring as a result of lactulose fermentation caused the reduced development of
pathogens and increased translocation of pathogens from the bowel [153]. It was also demonstrated
that the administration of prebiotics increases the absorption of minerals, mostly of magnesium and
calcium [154,155].

3.4. Prebiotics for Humans

The presence of prebiotics in the diet may lead to numerous health benefits. Studies on colorectal
carcinoma demonstrated that the disease occurs less commonly in people who often eat vegetables
and fruit. This effect is attributed mostly to inulin and oligofructose [156]. Among the advantages
of those prebiotics, one may also mention the reduction of the blood LDL (low-density lipoprotein)
level, stimulation of the immunological system, increased absorbability of calcium, maintenance
of correct intestinal pH value, low caloric value, and alleviation of symptoms of peptic ulcers and
vaginal mycosis [157]. Other effects of inulin and oligofructose on human health are: the prevention of
carcinogenesis, as well as the support of lactose intolerance or dental caries treatment [131]. Rat studies
demonstrated that administration of inulin for five weeks caused a significant reduction of blood
triacylglycerol levels [156]. Human studies demonstrated that the daily use of 12 g of inulin for one

413



Nutrients 2017, 9, 1021

month led to the reduction of blood VLDL (very low-density lipoprotein) levels (the reduction of
triacylglycerols by 27%, and of cholesterol by 5%). This effect is associated with the effect of the prebiotic
on hepatic metabolism and the inhibition of acetyl-CoA carboxylase and of glukose-6-phosphate
dehydrogenase. It is also supposed that oligofructose accelerates lipid catabolism [157].

Asahara et al. (2001) demonstrated a protective effect of galactooligosaccharides (GOS) in
the prevention of Salmonella Typhimurium infections in a murine model [158]. Buddington et al.
(2002) confirmed a positive effect of fructooligosaccharides (FOS) on protection against Salmonella
Typhimurium and Listeria monocytogenes infections [159]. Moreover, prebiotics are helpful in
combating pathogenic microorganisms, such as Salmonella Enteritidis and Escherichia coli, and reduce
odour compounds [160]. There are many reports regarding the positive effect of prebiotics on the
carcinogenesis process. Results of rat studies proved that a prebiotic-enriched diet leads to significantly
reduced indexes of carcinogenesis. Scientific research demonstrated that butyric acid may be a
chemopreventive factor in carcinogenesis [161], or an agent protecting against the development of
colorectal carcinoma through the promotion of cell differentiation [162]. Besides butyric acid, propionic
acid also may possess anti-inflammatory properties in relation to colorectal carcinoma cells. In vitro
studies on human L97 and HT29 cell lines (representing early and late stages of colorectal carcinoma)
demonstrated that inulin fractions in plasma supernatant caused a significant inhibition of growth
and induction of apoptosis in human colorectal carcinoma [163]. According to scientific reports, the
administration of inulin and oligofructose to rats caused the inhibition of azoxymethane-induced
colorectal carcinoma at the growth stage [164]. The supplementation of inulin and oligofructose at the
dose of 5%–15% had also an effect on reduced occurrence of breast cancer in rats and of metastases to
lungs [165]. However, those results have to be confirmed in humans. Table 5 lists the results of studies
focusing on the effect of prebiotics on human health. There are examples of clinical trials during which
the prebiotics group received the prebiotic prophylactically or in addition to the standard therapy.

Table 5. Examples of clinical trials regarding the effect of prebiotics on human health.

References Subjects Prebiotic
Time of

Administration
Main Outcome

Obesity

[166]

48 healthy adults
with a body mass
index (in kg/m2)

>25

OFS 12 weeks

There was a reduction in body weight of 1.03 ± 0.43 kg with
oligofructose supplementation, whereas the control group
experienced an increase in body weight of 0.45 ± 0.31 kg over
12 weeks (p = 0.01). Glucose decreased in the oligofructose
group and increased in the control group between the initial
and final tests (p ≤ 0.05). Insulin concentrations mirrored this
pattern (p ≤ 0.05). Oligofructose supplementation did not
affect plasma active glucagon-like peptide 1 secretion.
According to a visual analogue scale designed to assess side
effects, oligofructose was well tolerated.

Insulin resistance syndrome

[167] 10 patients with
type 2 diabetes FOS 4 weeks (double

repetition)

The plasma glucose response to a fixed exogenous insulin
bolus did not differ at the end of the two periods. FOS had no
effect on glucose and lipid metabolism in type 2 diabetics.

Type 2 diabetes

[168] 15 subjects with
type 2 diabetes AX 5 weeks (double

repetition)
A supplement of 15 g/day of AX-rich fibre can significantly
improve glycaemic control in people with type 2 diabetes.

[169]
11 patients with

impaired glucose
tolerance

AX 6 weeks

No effects of arabinoxylan were observed for insulin,
adiponectin, leptin, or resistin as well as for apolipoprotein B,
and unesterified fatty acids. In conclusion, the consumption
of AX in subjects with impaired glucose tolerance improved
fasting serum glucose and triglycerides. However, this
beneficial effect was not accompanied by changes in fasting
adipokine concentrations.

Non-alcoholic fatty liver disease

[170]
7 patients with
non-alcoholic
steatohepatitis

OFS 8 weeks

Compared to placebo, OFS significantly decreased serum
aminotransferases, aspartate aminotransferase after 8 weeks,
and insulin level after 4 weeks, but this could not be related to
a significant effect on plasma lipids.
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Table 5. Cont.

References Subjects Prebiotic
Time of

Administration
Main Outcome

Irritable bowel syndrome (IBS), gastrointestinal disorders, elimination of Helicobacter, inflammatory bowel disease (IBD), diarrhoeas

[171] 281 healthy infants
(15 to 120 days) GOS, FOS 12 months Fewer episodes of acute diarrhoea, fewer upper respiratory

tract infections.

[172]

160 healthy
bottle-fed infants
within 0–14 days

after birth

GOS, FOS 3 months
Prebiotic formula well tolerated, normal growth trend toward
a higher percentage of Bifidobacterium and a lower percentage
of E. coli in stool, suppresses Clostridium in stool.

[173] 215 healthy infants GOS, FOS 27 weeks
The concentration of secretory IgA was higher in the prebiotic
group than the control; also, Bifidobacterium percentage was
higher than the control and Clostridium was lower.

[174] 24 patients with
chronic pouchitis inulin 3 weeks

Inulin treatment resulted in decreased endoscopic and
histological inflammation. This effect was associated with
increased intestinal butyrate, lowered pH, and significantly
decreased numbers of Bacteroides fragilis.

[175] 10 Crohn’s
disease patients FOS 3 weeks Reduced disease activity index.

Atopic dermatitis

[176] 259 infants at risk
for atopy GOS, FOS 6 months Significant reduction of frequency of AD.

[177]

259 healthy term
infants with a

parental history
of atopy

GOS, FOS 6 months
Prebiotic group had significantly lower allergic
symptoms—AD, wheezing, urticaria, and fewer upper
respiratory infections than controls during the first 2 years.

Alleviation of lactose intolerance

[178]
85 lactose
intolerant

participants
GOS 36 days

71% of subjects reported improvements in at least one
symptom (pain, bloating, diarrhoea, cramping, or flatulence).
Also on day 36, populations of bifidobacteria significantly
increased by 90% in 27 of the 30 non-lactose tolerant
participants who took GOS. Lactose fermenting
Bifidobacterium, Faecalibacterium, and Lactobacillus were all
significantly increased.

Different types of cancer and side effects associated with cancer

[163]

Human L97 and
HT29 cell lines

(representing early
and late stages of

colorectal
carcinoma)

inulin No data Growth inhibition and induction of apoptosis in human
colorectal carcinoma.

Abbreviations: AD—atopic dermatitis; AX—arabinoxylan; FOS—fructooligosaccharides; GOS—galactooligosaccharides;
IgA—immunoglobulin A; OFS—oligofructose.

4. Synbiotics

Synbiotics are used not only for the improved survival of beneficial microorganisms added to food
or feed, but also for the stimulation of the proliferation of specific native bacterial strains present in the
gastrointestinal tract [179]. The effect of synbiotics on metabolic health remains unclear. It should be
mentioned that the health effect of synbiotics is probably associated with the individual combination of
a probiotic and prebiotic [180]. Considering a huge number of possible combinations, the application
of synbiotics for the modulation of intestinal microbiota in humans seems promising [181].

4.1. Synbiotic Selection Criteria

The first aspect to be taken into account when composing a synbiotic formula should be a selection
of an appropriate probiotic and prebiotic, exerting a positive effect on the host’s health when used
separately. The determination of specific properties to be possessed by a prebiotic to have a favourable
effect on the probiotic seems to be the most appropriate approach. A prebiotic should selectively
stimulate the growth of microorganisms, having a beneficial effect on health, with simultaneous absent
(or limited) stimulation of other microorganisms.
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4.2. Synbiotics in Use

Previous sections discussed probiotic microorganisms and prebiotic substances most commonly
used in human nutrition. A combination of Bifidobacterium or Lactobacillus genus bacteria with
fructooligosaccharides in synbiotic products seems to be the most popular. Table 4 presents the
most commonly used combinations of probiotics and prebiotics.

4.3. Mechanism of Action of Synbiotics

Considering the fact that a probiotic is essentially active in the small and large intestine, and the
effect of a prebiotic is observed mainly in the large intestine, the combination of the two may have a
synergistic effect [182]. Prebiotics are used mostly as a selective medium for the growth of a probiotic
strain, fermentation, and intestinal passage. There are indications in the literature that, due to the
use of prebiotics, probiotic microorganisms acquire higher tolerance to environmental conditions,
including: oxygenation, pH, and temperature in the intestine of a particular organism [183]. However,
the mechanism of action of an extra energy source that provides higher tolerance to these factors is not
sufficiently explained. That combination of components leads to the creation of viable microbiological
dietary supplements, and ensuring an appropriate environment allows a positive impact on the host’s
health. Two modes of synbiotic action are known [184]:

(1) Action through the improved viability of probiotic microorganisms;
(2) Action through the provision of specific health effects.

The stimulation of probiotics with prebiotics results in the modulation of the metabolic activity in
the intestine with the maintenance of the intestinal biostructure, development of beneficial microbiota,
and inhibition of potential pathogens present in the gastrointestinal tract [180]. Synbiotics result in
reduced concentrations of undesirable metabolites, as well as the inactivation of nitrosamines and
cancerogenic substances. Their use leads to a significant increase of levels of short-chain fatty acids,
ketones, carbon disulphides, and methyl acetates, which potentially results in a positive effect on the
host’s health [184]. As for their therapeutic efficacy, the desirable properties of synbiotics include
antibacterial, anticancerogenic, and anti-allergic effects. They also counteract decay processes in the
intestine and prevent constipation and diarrhoea. It turns out that synbiotics may be highly efficient in
the prevention of osteoporosis, reduction of blood fat and sugar levels, regulation of the immunological
system, and treatment of brain disorders associated with abnormal hepatic function [185]. The concept
of mechanisms of synbiotic action, based on the modification of intestinal microbiota with probiotic
microorganisms and appropriately selected prebiotics as their substrates, is presented in Figure 1.

4.4. Synbiotics for Humans

Synbiotics have the following beneficial effects on humans [186]:

(1) Increased Lactobacillus and Bifidobacterium genus count and maintenance of balance of the
intestinal microbiota;

(2) Improved hepatic function in patients suffering from cirrhosis;
(3) Improved immunomodulative abilities;
(4) Prevention of bacterial translocation and reduced incidence of nosocomial infections in patients’

post-surgical procedures and similar interventions.

The translocation of bacterial metabolism products, such as lipopolysaccharides (LPSs), ethanol,
and short-chain fatty acids (SFCAs), leads to their penetration of the liver. SCFAs also stimulate the
synthesis and storage of hepatic triacylglycerols. Those processes may intensify the mechanisms
of hepatic detoxication, which may result in hepatic storage of triacylglycerol (IHTG), and
intensify steatosis of the organ. A randomised trial on the use of a synbiotic containing five
probiotics (Lactobacillus plantarum, Lactobacillus delbrueckii spp. bulgaricus, Lactobacillus acidophilus,
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Lactobacillus rhamnosus, Bifidobacterium bifidum) and inulin as a prebiotic in adult subjects with
NASH (non-alcoholic steatohepatisis) demonstrated a significant reduction of IHTG (intrahepatic
triacylglycerol) within six months [187]. It is also known that LPSs induce proinflammatory cytokines,
such as the tumour necrosis factor alpha (TNF-α), playing a crucial role in insulin resistance and
inflammatory cell uptake in NAFLD (non-alcoholic fatty liver disease). In the study on the effect of
the synbiotic product containing a blend of probiotics (Lactobacillus casei, Lactobacillus rhamnosus,
Streptococcus thermophilus, Bifidobacterium breve, Lactobacillus acidophilus, Bifidobacterium longum,
Lactobacillus bulgaricus) and fructooligosccharides, 52 adults participated for 28 weeks. It was found
that supplementation with the synbiotic resulted in the inhibition of NF-κB (nuclear factor κB) and
reduced production of TNF-α (tumour necrosis factor α) [188].

In rat studies, an increased level of intestinal IgA was found, following the introduction of
the synbiotic product containing Lactobacillus rhamnosus and Bifidobacterium lactis, and inulin and
oligofructose as prebiotics to the diet. Synbiotics lead to reduced blood cholesterol levels and lower
blood pressure [157]. Moreover, synbiotics are used in the treatment of hepatic conditions [189] and
improve the absorption of calcium, magnesium, and phosphorus [190].

Danq et al. (2013), in a meta-analysis, evaluated published studies on pro/prebiotics for eczema
prevention, investigating bacterial strain efficacy and changes to the allergy status of the children
involved. This meta-analysis found that probiotics or synbiotics may reduce the incidence of eczema in
infants aged <2 years. Systemic sensitization did not change following probiotic administration [191].

Studies carried out within the framework of the SYNCAN project funded by the European Union
verified the anti-carcinogenic properties of synbiotics. The effect of fructooligosaccharides (SYN1)
combined with two probiotic strains (Lactobacillus rhamnosus GG and Bifidobacterium animalis subsp.
lactis Bb12) on the health of patients at risk of colorectal cancer was studied. As a result, a change
of biomarkers (genotoxicity, labelling index, labelled cells/crypt, transepithelial resistance, necrosis,
interleukin 2, interferon γ) indicating the development of the disease in cancer patients, and in patients
post polyp excision, was observed [192]. It was concluded that the application of the studied synbiotic
may reduce the risk of colorectal carcinoma. A lower level of DNA damage was also observed, as well
as a lower colonocyte proliferation ratio [147]. Table 6 lists the results of studies focusing on the effect
of synbiotics on human health. There are examples of clinical trials during which the synbiotics group
received the synbiotic prophylactically or in addition to the standard therapy.

Table 6. Examples of clinical trials regarding the effect of synbiotics on human health.

References Subjects Composition of Synbiotic
Time of

Administration
Main Outcome

Obesity

[193] 153 obese men
and women

L. rhamnosus
CGMCC1.3724, inulin 36 weeks Weight loss and reduction in leptin.

Increase in Lachnospiraceae.

[194]
70 children and

adolescents with
high BMI

L. casei, L. rhamnosus,
S. thermophilus, B. breve,
L. acidophilus, B. longum,

L. bulgaricus, FOS

8 weeks Decrease in BMI z-score and
waist circumference.

[195] 77 obese children
L. acidophilus, L. rhamnosus,

B. bifidum, B. longum,
E. faecium, FOS

4 weeks

Changes in anthropometric
measurements. Decrease in TC,
LDL-C, and total oxidative stress
serum levels.

Insulin resistance syndrome

[196] 38 subjects with IRS

L. casei, L. rhamnosus,
S. thermophilus, B. breve,
L. acidophilus, B. longum,

L. bulgaricus, FOS

28 weeks
The levels of fasting blood sugar and
insulin resistance
improved significantly.
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Table 6. Cont.

References Subjects Composition of Synbiotic
Time of

Administration
Main Outcome

Type 2 diabetes

[197] 54 patients with T2D

L. acidophilus, L. casei,
L. rhamnosus, L. bulgaricus,

B. breve, B. longum,
S. thermophilus, FOS

8 weeks Increased HOMA-IR and TGL plasma
level; reduced CRP in serum.

[198] 81 patients with T2D L. sporogenes, inulin 8 weeks
Significant reduction in serum insulin
levels, HOMA-IR, and homeostatic
model assessment cell function.

[199] 78 patients with T2D L. sporogenes, inulin 8 weeks
Decrease in serum lipid profile (TAG,
TC/HDL-C) and a significant increase
in serum HDL-C levels.

[200] 20 patients with T2D L. acidophilus, B. bifidum,
oligofructose 2 weeks Increased HDL-C and reduced

fasting glycaemia.

Non-alcoholic fatty liver disease

[187] 20 individuals
with NASH

L. plantarum, L. delbrueckii spp.
bulgaricus, L. acidophilus,

L. rhamnosus, B. bifidum, inulin
26 weeks Decreased IHTG content.

[188] 52 adult individuals
with NAFLD

L. casei, L. rhamnosus,
S. thermophilus, B. breve,
L. acidophilus, B. longum,

L. bulgaricus, FOS

30 weeks Inhibition of NF-κB and reduction
of TNF-α.

Irritable bowel syndrome (IBS), gastrointestinal disorders, elimination of Helicobacter, inflammatory bowel disease (IBD), diarrhoeas

[201] 76 patients with IBS
L. acidophilus La-5®, B. animalis

ssp. lactis BB-12®, dietary
fibres (Beneo)

4 weeks

On average, an 18% improvement in
total IBS-QoL score was reported and
significant improvements in bloating
severity, satisfaction with bowel
movements, and the severity of IBS
symptoms’ interference with patients’
everyday life were observed.
However, there were no statistically
significant differences between the
synbiotic group and the
placebo group.

[202]

69 children aged 6–16
years who had biopsy

proven H. pylori
infection

B. lactis B94, inulin 14 days

From a total of 69 H. pylori-infected
children (female/male = 36/33; mean
± SD = 11.2 ± 3.0 years), eradication
was achieved in 20 out of 34
participants in the standard therapy
group and 27/35 participants in the
synbiotic group. There were no
significant differences in eradication
rates between the standard therapy
and the synbiotic groups.

[203] 40 patients with UC B. longum, psyllium 4 weeks

Patients with UC on synbiotic therapy
experienced greater quality-of-life
changes than patients on probiotic or
prebiotic treatment.

Atopic dermatitis

[204] 90 infants with AD B. breve M-16V, GOS and FOS
mixture (Immunofortis®) 12 weeks

This synbiotic mixture did not have a
beneficial effect on AD severity in
infants, although it did successfully
modulate their intestinal microbiota.

[205]
40 infants and children

aged 3 months to
6 years with AD

L. casei, L. rhamnosus, S.
thermophilus, B. breve,

L. acidophilus, B. infantis,
L. bulgaricus, FOS

8 weeks
A mixture of seven probiotic strains
and FOS may clinically improve the
severity of AD in young children.

418



Nutrients 2017, 9, 1021

Table 6. Cont.

References Subjects Composition of Synbiotic
Time of

Administration
Main Outcome

Alleviation of lactose intolerance

[206] 20 females and males Lactobacillus,
Bifidobacterium, FOS 5 weeks

Consumption of the probiotic mixture
improved the gastrointestinal
performance associated with lactose
load in subjects with LI. Symptoms
were additionally reduced by the
addition of prebiotics.
The supplementation was safe and
well tolerated, with no significant
adverse effect observed.

Different types of cancer and side effects associated with cancer

[192]
43 polypeptomized

and 37 colon
cancer patients

L. rhamnosus GG, B. lactis
Bb12, inulin 12 weeks

Increased L. rhamnosus and B. lactis in
faeces, reduction in C. perfringens,
prevents increased secretion of IL-2 in
polypectomized patients, increased
production of interferon-γ in
cancer patients.

Abbreviations: BMI—body mass index; CFU—colony-forming-unit; CRP—C-reactive protein;
FOS—fructo-oligossacharides; IBS-QoL—quality of life with IBS; HDL-C—high-density lipoprotein cholesterol;
HOMA-IR—homeostasis model assessment of insulin resistance; IHTG—intrahepatic triacylglycerol; IRS—insulin
resistance syndrome; LDL-C—low-density lipoprotein cholesterol; LI—lactose intolerance; NAFLD—non-alcoholic
fatty liver disease; NF-κB—nuclear factor κB; T2D—type 2 diabetes; TAG—triacylglycerols; TC—total cholesterol;
TGL—total glutathione levels; TNF-α—tumour necrosis factor α; UC—ulcerative colitis.

5. Summary

Probiotic organisms are crucial for the maintenance of balance of human intestinal microbiota.
Numerous scientific reports confirm their positive effect in the host’s health. Probiotic microorganisms
are attributed a high therapeutic potential in, e.g., obesity, insulin resistance syndrome, type 2 diabetes,
and non-alcohol hepatic steatosis [207]. It seems also that probiotics may be helpful in the treatment
of irritable bowel syndrome, enteritis, bacterial infections, and various gastrointestinal disorders and
diarrhoeas. Probiotic microorganisms are also effective in the alleviation of lactose intolerance and the
treatment of atopic dermatitis. A positive effect of probiotics in the course of various neoplastic diseases
and side effects associated with anti-cancer therapies is also worth noting. Prebiotics may be used as
an alternative to probiotics, or as an additional support for them. It turns out that the development of
bio-therapeutic formulas containing both appropriate microbial strains and synergistic prebiotics may
lead to the enhancement of the probiotic effect in the small intestine and the colon. Those “enhanced”
probiotic products may be even more effective, and their protective and stimulatory effect superior
to their components administered separately [208]. It seems that we will see further studies on
combinations of probiotics and prebiotics, and further development of synbiotics. Future studies
may explain the mechanisms of actions of those components, which may confer a beneficial effect on
human health.
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Abstract: The metabolic effects of probiotic administration in women with gestational diabetes
mellitus (GDM) is unknown. The objective of this review was to investigate the effect of probiotics on
fasting plasma glucose (FPG), insulin resistance (HOMA-IR) and LDL-cholesterol levels in pregnant
women diagnosed with GDM. Seven electronic databases were searched for RCTs published in
English between 2001 and 2017 investigating the metabolic effects of a 6–8 week dietary probiotic
intervention in pregnant women following diagnosis with GDM. Eligible studies were assessed
for risk of bias and subjected to qualitative and quantitative synthesis using a random effects
model meta-analyses. Four high quality RCTs involving 288 participants were included in the
review. Probiotic supplementation was not effective in decreasing FBG (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 = 0.67) in women
with GDM. However, a significant reduction in HOMA-IR was observed following probiotic
supplementation (−0.69; 95% CI −1.24, −0.14, p = 0.01). There were no significant differences
in gestational weight gain, delivery method or neonatal outcomes between experimental and control
groups, and no adverse effects of the probiotics were reported. Probiotic supplementation for
6–8 weeks resulted in a significant reduction in insulin resistance in pregnant women diagnosed
with GDM. The use of probiotic supplementation is promising as a potential therapy to assist in
the metabolic management of GDM. Further high quality studies of longer duration are required to
determine the safety, optimal dose and ideal bacterial composition of probiotics before their routine
use can be recommended in this patient group.

Keywords: probiotics; gut microbiota; Gestational Diabetes Mellitus; pregnancy; insulin resistance

1. Introduction

The gut microbiota is a collective term used to refer to the microorganisms colonizing the human
gastrointestinal tract [1]. It is an important ecosystem consisting of both residential and pathogenic
bacteria [2,3]. Residential intestinal microbes coexist in a symbiotic relationship with their host by
extracting energy from dietary components which humans lack the enzymes to digest. In return,
the microbiota produce bioactive compounds shown to benefit host metabolism. Manipulation of the
gut microbiome and its fermentation by-products is emerging as a promising therapeutic treatment
strategy for many chronic medical conditions [4]. A variety of factors influence the gut microbiome,
including host genetics, illness, antibiotic use, dietary patterns, weight loss and pregnancy [5–8].
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Perturbations in the composition of the gut microbiota have been hypothesized to contribute to the
pathogenesis of obesity, inflammation and insulin resistance [9].

Throughout pregnancy the gut microbiota undergoes significant changes. From the first (T1) to
the third trimester (T3), the species richness of the gut microbiome decreases [8], although this has not
been observed in all studies [10]. There is an increase in Proteobacteria and Actinobacteria phyla and
a reduction in beneficial bacterial species Roseburia intestinalis and Faecalibacterium prausnitzii [8,11].
These changes in gut microbial composition cause inflammation and correlate with increases in fat
mass, blood glucose, insulin resistance and circulating pro-inflammatory cytokines in the expectant
mother [12]. This “diabetic-like” state observed during the later stages of all healthy pregnancies
is thought to maximize nutrient provision to the developing fetus [13]. However, increased insulin
resistance combined with an inability to secrete the additional insulin required to maintain glucose
homeostasis can result in the development of gestational diabetes mellitus (GDM) in the mother and
macrosomia in the baby.

GDM is defined as the development of glucose intolerance, with first onset during pregnancy [14].
This condition is associated with adverse maternal and infant health outcomes during gestation,
childbirth and postpartum. Maternal comorbidities include pre-eclampsia and increased risk of
infection throughout pregnancy [15]. A seven-fold increased risk of the mother developing type 2
diabetes (T2DM) postpartum has also been reported [16]. Infant morbidity includes risk of fetal
malformations and diabetic fetopathy which may cause macrosomia and subsequent mechanical
complications during labor [17,18]. Additionally, studies suggest that children born to mothers with
GDM have an increased risk of diabetes mellitus and metabolic dysfunction later in life [19,20]. In order
to reduce the risk of such adverse health outcomes, current best practice GDM management requires
modification of the maternal diet with or without pharmacological treatment such as Metformin and/or
insulin [21]. Despite its benefits, pharmacotherapy may result in significant side effects including
abdominal discomfort, dizziness, diarrhea and hypoglycemia [22]. As research suggests that probiotic
interventions may attenuate some of the adverse metabolic effects of type 2 diabetes [23,24], probiotics
may also provide an acceptable treatment option in women with GDM.

Probiotics have been defined by the World Health Organization (WHO) as ‘live micro-organisms
which when administered in adequate amounts confer a health benefit on the host’ [25]. Regular
consumption of probiotics have been found to beneficially modulate the composition of the gut
microbiota [26]. Increases in colonic microbial diversity have been linked to improved glucose
homeostasis, attenuation of inflammation, regulation of insulin production, maintenance of the
integrity of the gastrointestinal lining, and the harvesting of nutrients from the host diet [7,8,27].
Safe and effective evidence-based interventions are vital for both the prevention and optimal
management of GDM. A recent RCT conducted in healthy pregnant women suggest that probiotic
supplementation may improve blood glucose control during the third trimester [28] and potentially
reduce the risk of developing GDM [29]. To our knowledge, no systematic reviews have investigated
the effect of maternal probiotic supplementation on the metabolic health of women with established
GDM, highlighting the need for further exploration of this topic. The aim of this review was to
determine the effect of 6–8 week probiotic supplementation versus placebo on glucose homeostasis,
lipid levels and gestational weight gain in pregnant women diagnosed with GDM.

2. Methods

This review was conducted in accordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses: The PRISMA Statement [30]. A systematic computer search of the databases
Proquest, Scopus, Embase, Ovid MEDLINE, Web of science, CINAHL, and the Cochrane Database of
Systematic Reviews was performed for the period between 1 January 2001 and 1 January 2017. In 2001,
the WHO recognized the need for guidelines to evaluate probiotic use and to substantiate health
claims. The rationale for excluding papers before 2001 was due to a lack of international guidelines and
criteria regulating the use of probiotics prior to this date [31]. The following search terms were used:
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(1) (pregnan * OR Gestation * OR Matern * OR Obstetric * OR expectan * OR “gestational diabetes”
OR “gestational diabetes mellitus”), (probiotic * OR Lactobacill * OR bacteria * OR ferment * OR
microorganism * OR acidophilus OR streptococc *), and (glucose OR “blood glucose” OR insulin
OR HbA1c OR “birth weight” OR metabol * OR intervention * OR “pharmaceutical Intervention”);
(2) limit 1 to year ’2001–2017’; limit 2 to humans; limit 3 exclude males and non-pregnant subjects.
Trials were included if they were published in English, utilized an RCT study design, involved human
participants diagnosed with GDM by OGTT and if at least one group of participants were randomized
to receive a dietary probiotic supplement for a period of 6–8 weeks.

Studies in patients with pre-existing conditions such as type 1 diabetes, type 2 diabetes or
gastrointestinal pathologies were considered beyond the scope of this review, and were therefore
excluded. Intervention trials involving the administration of fermented foods (which contain unknown
quantities of bacteria), prebiotics (which contain no live bacteria) or synbiotics (which contain both
pre- and probiotics) were also excluded.

Resultant studies were combined and duplicates removed. All articles were independently
screened for eligibility by two authors based on title and abstract. Articles were excluded if they
reported a non-RCT study design, subjects were not diagnosed with GDM or there was no probiotic
intervention. The reference lists of included studies were hand-searched to identify additional relevant
trials. The methodological quality of all included trials was independently assessed by two authors
using the Cochrane Risk of Bias tool for Quality Assessment of Randomized Controlled Trials [32].
This tool rates primary research based on the use of sequence generation, allocation concealment,
blinding of participants and personnel, blinding of outcome assessors, completeness of outcome data,
non-selective outcome reporting, and other measures of bias. Trials were assessed as satisfying each of
the quality criteria using “yes”, “no”, or “unsure”, with studies meeting the majority of quality criteria
considered to have a low risk of bias, while those assigned “no” or “unsure” for most criteria were
designated as moderate or high risk of bias. Discrepancies between authors risk of bias assessments
were resolved through collaborative discussion until consensus was reached.

Data was independently extracted from each article by two authors using a data collection form.
Data items collected included first author, article title, journal name, year of publication, country in
which trial was conducted, number of trial participants: intervention group (n) and control group (n),
mean participant age (year), mean participant BMI (kg/m2), mean gestational age (week), mean
length of intervention (week), composition of probiotic supplement (genus, species), number of
micro-organisms in probiotic supplement (CFU/g), mean gestational weight gain (kg), mean fasting
blood glucose (mmol/L), mean Homeostasis Model Assessment—Insulin Resistance (HOMA-IR)
(units), mean LDL-cholesterol (mmol/L), mean number of normal deliveries (n), mean number of
caesarian sections (n), mean number of interventions during delivery (n), maternal complications (n),
infant complications (n), and infant birth weight (g).

Trials measuring FBG, LDL-cholesterol and insulin resistance (HOMA-IR) in pregnant women
with GDM were subjected to a random-effects model meta-analysis using Revman 5.1 (The Cochrane
Collaboration, Copenhagen, Denmark, 2014). Treatment effects and 95% CI were calculated using the
Mean Difference (MD). Limited numbers of studies investigating comparable outcomes, small sample
sizes and heterogeneity among prebiotic supplements and outcome measures limited the majority of
data synthesis to a narrative analysis.

3. Results

3.1. Description of Selected Trials

A total of 944 citations were identified at the time of the initial database search based on the
predefined inclusion and exclusion criteria. After removal of duplicate publications and exclusion
of irrelevant articles, four articles [33–36] reporting on four randomized controlled trials involving
288 participants were ultimately included (Figure 1). Characteristics of the included studies are
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shown in Table 1. All studies included otherwise healthy pregnant women diagnosed with GDM at
24–30 weeks gestation by oral glucose tolerance test. Participant ages ranged between 18–40 years
and pre-pregnancy BMI from 26–32 kg/m2. All trial participants were randomized to receive either
a daily probiotic supplement or a placebo. Probiotic composition varied between studies, but all
trials provided Lactobacillus spp., and three [34–36] provided Bifidobacterium spp. The duration
of intervention ranged from 6–8 weeks. A variety of post-intervention outcome measures were
reported including fasting plasma glucose, fasting insulin, C-peptide, HOMA-IR, lipid studies,
inflammatory markers, pro-inflammatory cytokines, gestational weight gain, requirement for
glucose-lowering pharmacotherapy, interventions required during childbirth, infant birthweight,
incidence of macrosomia (birthweight > 4 kg), fetal anomalies, admissions to the neonatal intensive
care unit, and 5-min Apgar score.

Figure 1. PRISMA flowchart showing the progression of trials through each stage of the
selection process.
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All of the studies included in the present review had a low risk of bias, as assessed using the
Cochrane Collaboration Risk of Bias tool (Table 2). Methodological strengths of the trials included
double-blinding and randomization of participants to intervention and control groups. Methodological
limitations of the trials included small sample sizes and short study duration. Additionally, one of the
trials had not been registered on a clinical trials registry prior to commencement, so it could not be
determined whether primary outcomes reported were pre-specified before the trial began [35].

Table 2. Risk of bias summary for included studies.

Author/Year Risk of Bias a
Bias Minimisation Items b

1 2 3 4 5 6 Other

Dolatkhah, 2015 [36] Low + + + + + ? Funding & sponsorship free from bias,
statistical analysis appropriate

Lindsay, 2015 [33] Low + + + + + ? Funding & sponsorship free from bias
Jafarnejad, 2015 [35] Low + + + + ? ? Funding & sponsorship free from bias
Karamali, 2015 [34] Low + + + + + ? Funding & sponsorship free from bias

“+” = response of “yes” to use of the bias minimization item; “?” = response of “uncertain” to the use of the
bias minimization item; a Assessed using the Cochrane Collaboration tool for assessing risk of bias in RCTs (ref);
b Bias minimization items: 1. Random sequence generation (selection bias); 2. Allocation concealment (selection
bias); 3. Blinding of participants and personnel (performance bias); 4. Blinding of outcome assessment (detection
bias); 5. Complete outcome data (attrition bias); 6. Non-selective reporting (reporting bias). Trials receiving a +
response for most items are likely to have a low risk of bias.

3.2. Fasting Blood Glucose

Four studies investigated the effect of probiotic supplementation on FBG levels in pregnant
women with GDM [32–35]. Two [33,35] of the four studies reported statistically significant reductions
in FBG levels in the groups receiving probiotics in comparison to the groups receiving the placebo.
However, a meta-analysis of all four trials (n = 288) indicated no significant reduction in FBG
following probiotic supplementation (Mean Difference = −0.13; 95% CI −0.32, 0.06, p = 0.18) (Figure 2).
While each of the studies included in the pooled analysis had a low risk of bias and administered
probiotic supplements to women with GDM over a similar intervention period, significant interstudy
heterogeneity was observed (I2 = 88%, p < 0.001), so the calculated mean difference should be
interpreted as an average intervention effect.

Figure 2. Effect of probiotic supplementation on fasting plasma glucose (mmol/L) in pregnant women
with gestational diabetes.

3.3. Insulin Resistance

Four trials estimated insulin resistance in study participants by calculating HOMA-IR from
fasting glucose and insulin values [33–36]. While one study found no change in insulin resistance
between intervention and control groups following probiotic supplementation [33], three studies
reported significant reductions in insulin resistance in the women receiving probiotics [34–36].
After meta-analysis (n = 288), the pooled mean difference in HOMA-IR was −0.69 (95% CI −1.24,
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−0.14, p = 0.01), indicating a statistically significant effect favoring probiotic supplementation over
placebo (Figure 3). Significant evidence of interstudy heterogeneity was observed across studies
(I2 = 79%, p < 0.01).

Figure 3. Effect of probiotic supplementation on HOMA-IR in pregnant women with
gestational diabetes.

3.4. LDL-Cholesterol

Lindsay et al. [33] found that the usual rise in total cholesterol and LDL-cholesterol usually
observed during the late stages of pregnancy was significantly attenuated in the probiotic group
(both p < 0.05). In contrast, the study by Karamali et al. [34] reported no change in total cholesterol
(p = 0.33) and LDL-cholesterol (p = 0.07) between treatment and control groups, but described
significant reductions in VLDL-cholesterol and serum TG in the probiotic group (both < 0.05). When
the data from both studies were pooled for meta-analysis (n = 160), there was no significant reduction
in LDL-cholesterol following probiotic supplementation (MD = −0.16; 95% CI −0.45, 0.13, p = 0.67)
(Figure 4).

Figure 4. Effect of probiotic supplementation on LDL-cholesterol (mmol/L) in pregnant women with
gestational diabetes.

3.5. Gestational Weight Gain

During the final 2 weeks of an 8-week intervention, one study reported that the weight gain of
the women in the probiotic group was significantly less than the weight gain of those receiving the
placebo (0.74 ± 0.14 kg vs. 1.22 ± 0.11 kg respectively), which remained significant after adjusting
for daily energy intake (p < 0.05) [36]. However, the remaining three studies found no differences in
gestational weight gain between intervention and control groups [33–35]. Two studies also reported
no significant differences in infant birthweights between those born to mothers receiving the probiotic
and those whose mothers received the placebo [33,34].
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3.6. Obstetric Outcomes

No significant differences were found between probiotic and control groups for rates
of pregnancy-induced hypertension, requirement for labor induction, commencement of
glucose-lowering medications, blood loss at delivery, postpartum hemorrhage, fetal anomalies,
admission of the infant to neonatal intensive care [33], and rates of delivery by caesarian section [33,34].
No adverse outcomes related to use of the probiotics were reported in any of the trials.

4. Discussion

Fasting hyperglycemia in women with GDM is associated with increased short and long-term
morbidity in the offspring [37]. There is a clear need for safe, low-cost therapies to assist in the
prevention and management of GDM. The gut microbial composition is altered during pregnancy,
and given that specific micro-organisms in the gastrointestinal tract are able to positively influence
host metabolism, probiotic supplements may contribute to the maintenance of bacterial diversity
and glucose homeostasis in individuals with metabolic disturbances [38,39]. Research investigating
probiotic use during pregnancy and its effect on the outcomes of GDM is an emerging area of interest.
This systematic literature review aimed to explore the current evidence regarding the effect of probiotic
supplementation on glucose and lipid homeostasis in pregnant women with GDM. Assessment of
four randomized controlled trials in this review involving 288 pregnant women with GDM found
that a 6–8 week probiotic intervention did not improve FBG or LDL-cholesterol levels. However,
probiotic supplementation in women with GDM was associated with significant reductions in insulin
resistance which could potentially reduce their requirement for glucose-lowering medication later in
their pregnancy.

The mechanisms whereby probiotics alter glucose homeostasis are not completely understood.
One proposed method is by the production of short chain fatty acids (SCFAs), generated as a by-product
of bacterial fermentation of dietary fibers. SCFAs act as an energy source for intestinal cells and have
been found to regulate the production of hormones effecting energy intake and expenditure such
as leptin and grehlin [40]. The binding of SCFAs to G protein-coupled receptors GPR41 and GPR43
increases the intestinal expression of Peptide YY and Glucagon-like peptide-1 (GLP-1) hormones
which act to reduce appetite by slowing intestinal transit time and increasing insulin sensitivity [11].
Another hypothesized mechanism of SCFA action includes reducing gastrointestinal permeability
by upregulating transcription of tight junction proteins, enhancing production of Glucagon-like
peptide-2 (GLP-2) which promotes crypt cell proliferation, and reducing inflammation in colonic
epithelial cells by increasing PPAR-gamma activation [41]. Maintenance of the integrity of the gut
barrier minimizes the concentration of lipopolysaccharide (LPS) in circulation. LPS is a structural
component of gram negative bacterial cell walls, which induces an immune-cell response upon
absorption into the human bloodstream, stimulating proinflammatory cytokine production and the
onset of insulin resistance and hyperglycemia [42]. In support of this mechanism of probiotic action,
Jafarnejad et al. [35] demonstrated probiotic-induced reductions in high sensitivity CRP, IL-6 and
TNFα in their 8-week trial in women with GDM.

While this review found no significant effect of probiotic supplementation on FBG in women
with GDM, a number of studies have reported positive outcomes. A study conducted in 256 pregnant
women with normal glucose tolerance found significant reductions in FBG, insulin concentrations
and insulin resistance following probiotic supplementation, potentially reducing participants’ GDM
risk [28]. However, the length of the intervention (18 months) was significantly longer than the
trials included in the current meta-analysis, and fasting glucose and insulin levels were measured
during pregnancy and up to 12 months postpartum in the study subjects. A Cochrane systematic
review exploring the effect of probiotic supplementation during normal pregnancies concluded
that although there was a reduction in the incidence of GDM in one trial, there were insufficient
studies to perform a quantitative meta-analysis [43]. Further research is therefore required before
probiotics can be recommended to pregnant women to reduce their risk of GDM. A meta-analysis
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of six RCTs demonstrated a significant reduction in FBG in 252 subjects with type 2 diabetes [44],
however changes in HbA1c, inflammatory markers, fasting insulin and HOMA-IR were inconclusive,
possibly due to the brief duration of the intervention (4–8 weeks). It was also unknown whether trial
participants were also receiving pharmacological therapy such as Metformin, which can influence the
composition of the gut microbiota. The authors postulated that probiotics may elicit hypoglycemic
effects by increasing the level of antioxidative enzymes capable of scavenging reactive oxygen species,
thereby reducing oxidative stress levels [44]. Similarly, a systematic review of 12 RCTs explored the
effect of probiotics on glucose tolerance in people with type 2 diabetes, concluding that probiotic
supplementation significantly reduced FBG [45]. This review included trials which varied substantially
in methodological quality, and a number of the probiotic treatments included yoghurts or other
foodstuffs containing unknown quantities of uncertain bacterial species. Finally, a systematic review of
17 RCTs reported significant reductions in FBG, fasting insulin and HOMA-IR [46]. Trial participants
represented a range of demographics with various forms of metabolic disease including GDM,
hypercholesterolemia and T2DM [46], which was likely to have contributed to the large interstudy
heterogeneity observed.

The contradictory findings of this review in comparison to other published reviews investigating
the effect of probiotics on FBG may be related to the small sample sizes (n = 60–149) and short study
durations (6–8 weeks) in the women with GDM. Moreover, the current review included trials involving
only participants with GDM, which may be more resistant to the effects of probiotic supplementation
than the variety of other forms of glucose intolerance included in the other reviews. Indeed, increased
insulin resistance is considered a normal consequence of all healthy pregnancies [13]. As there is
currently no consensus on the ideal bacterial composition and dose of probiotics for the management
of glucose tolerance, the microbial components of the probiotics used in the GDM trials may not have
been sufficient to effect FBG levels.

Two RCTs included in this review investigated the effect of probiotic supplementation on maternal
lipid levels in GDM, with both reporting conflicting results [33,34]. While one study demonstrated
that probiotic treatment may have mitigated the expected increase in total and LDL-cholesterol during
pregnancy [33], the other trial reported significant reductions in VLDL-cholesterol and triglyceride,
while a decrease in LDL-cholesterol approached significance [34]. Beneficial gut bacteria have been
hypothesized to positively influence lipid metabolism by producing secondary bile acids which are
unavailable for enterohepatic recirculation. The liver must then synthesize replacement bile acids
from circulating cholesterol [47]. In the present review, a pooled analysis of LDL-cholesterol data from
both studies in women with GDM was not significant. Trials of longer duration (>8 weeks) may have
generated outcomes with larger effect sizes.

Three of the four studies included in this review [34–36] reported significant reductions in
insulin resistance (as measured by HOMA-IR) following probiotic supplementation in women
diagnosed with GDM. This did not appear to result in subsequent decreases in FBG, gestational
weight gain or a reduced requirement for blood glucose-lowering medication in the intervention group,
but further studies of longer duration should explore this. When all four studies were combined,
there was a significant reduction in insulin resistance (MD = −0.69; 95% CI −1.24, −0.14, p = 0.01).
The studies which found significant reductions in insulin resistance used Bifidobacterium spp. in their
probiotic [34–36], whereas the study with non-significant findings did not [33]. Bifidobacterium spp.
have been reported to play a protective role in the prevention of metabolic perturbations by reducing
LPS-induced oxidative stress and low grade chronic inflammation [48].

The current management for GDM involves lifestyle changes through dietary modification and
physical activity, and pharmacological intervention with metformin and/or insulin if required in
order to achieve target blood glucose levels [49–51]. Metformin reduces hyperglycemia by increasing
insulin sensitivity and reducing excessive hepatic gluconeogenesis [49]. Both insulin and metformin
are considered safe for use in pregnancy, but can be associated with unwanted side effects such
as gastrointestinal disturbances and hypoglycemia [52,53]. Metformin contributes to a healthy gut
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microbiome by increasing the growth of Akkermansia muciniphila and Lactobacillus spp. in murine
studies, but further research in humans is required to confirm this [54]. Metformin-induced expansion
of the Akkermansia muciniphila population has been shown to modulate glucose homeostasis in obese
mice fed a high fat diet [55]. Akkermansia muciniphilia is a mucin-degrading bacterium important for
the regulation of the thickness of the mucin layer lining the host gastrointestinal tract, thus protecting
the integrity of the gut barrier [56]. Human studies are now required to determine whether
metformin-induced improvements in gut microbial diversity contribute to improvements in glucose
tolerance. The studies included in this review were not affected by participant use of metformin, as the
women required to commence metformin or insulin during the course of the trials were excluded from
the final analyses.

All of the RCTs in this review were determined to have a low risk of bias, with most authors
publishing their study protocol in a clinical trials registry with pre-specified primary and secondary
outcomes prior to study commencement. However, a limitation of these trials were their short
duration and small sample sizes. Constraints associated with this systematic review include the
substantial interstudy statistical heterogeneity observed, and the use of probiotics of differing microbial
composition between trials. The metabolic benefits of probiotics may be strain specific, so the optimal
species, dose and duration of treatment in GDM requires further elucidation.

5. Conclusions

The present review found that while probiotic supplementation resulted in a significant reduction
in insulin resistance in pregnant women with GDM, there was no significant effect on fasting blood
glucose or LDL-cholesterol levels. Further high quality studies using defined doses of specific bacterial
species are required to confirm these findings and their clinical relevance before their routine use can
be recommended in this patient group.
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Abstract: Previous systematic reviews and meta-analyses have evaluated the association of dairy
consumption and the risk of cardiovascular disease (CVD). However, the findings were inconsistent.
No quantitative analysis has specifically assessed the effect of yogurt intake on the incident risk
of CVD. We searched the PubMed and the Embase databases from inception to 10 January 2017.
A generic inverse-variance method was used to pool the fully-adjusted relative risks (RRs) and
the corresponding 95% confidence intervals (CIs) with a random-effects model. A generalized
least squares trend estimation model was used to calculate the specific slopes in the dose-response
analysis. The present systematic review and meta-analysis identified nine prospective cohort articles
involving a total of 291,236 participants. Compared with the lowest category, highest category
of yogurt consumption was not significantly related with the incident risk of CVD, and the RR
(95% CI) was 1.01 (0.95, 1.08) with an evidence of significant heterogeneity (I2 = 52%). However,
intake of ≥200 g/day yogurt was significantly associated with a lower risk of CVD in the subgroup
analysis. There was a trend that a higher level of yogurt consumption was associated with a lower
incident risk of CVD in the dose-response analysis. A daily dose of ≥200 g yogurt intake might be
associated with a lower incident risk of CVD. Further cohort studies and randomized controlled
trials are still demanded to establish and confirm the observed association in populations with
different characteristics.

Keywords: yogurt intake; stroke; coronary heart disease; cardiovascular disease; meta-analysis

1. Introduction

Cardiovascular disease (CVD) is still an important public health problem around the world [1].
The prevalence of coronary heart disease (CHD) and stroke has progressively increased during the
past decades [1–3]. Given the very large social and economic burden of the treatment of CVD [4],
identifying modifiable factors is imperative and feasible for preventing the progress of CVD.

Several dietary patterns and individual foods have been demonstrated to exert preventive effects
on CVD risk [5–7]. In particular, the benefits of yogurt intake have recently drawn a lot of attention [8,9].
Yogurt is defined as the product of fermentation of the Lactobacillus delbrueckii subspecies bulgaricus
and Streptococcus thermophilus [10]. Being an important component of the human diet for several
millennia [10], it will be a major public health implication if yogurt consumption is demonstrated to
have a protective role in delaying the development of CVD.

Previous systematic reviews and meta-analyses have evaluated the association of dairy
consumption and the risk of CVD [11–15]. However, the conclusions were inconsistent. In the
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subgroup analysis of yogurt intake, no association was established between yogurt intake and CVD or
stroke in three previous meta-analyses [11–13]. Soedamah-Muthu et al. did not separately estimate the
effect of yogurt intake apart from other dairy products [14]. Hu et al. observed a protective role of
yogurt intake on stroke, but only three studies were included in the pooled analysis [15].

To the best of our knowledge, no quantitative analysis has specifically assessed the effect of yogurt
intake on the risk of incident CVD. Moreover, whether different amounts of yogurt consumption
present different impacts on CVD risk is still uncertain. Therefore, we performed a systematic review
and meta-analysis to pool the evidence from prospective cohort studies on the relationship of yogurt
intake and the incident risk of CVD. Furthermore, we attempted to evaluate the potential dose-response
pattern of the association.

2. Materials and Methods

2.1. Literature Search

The present systematic review and meta-analysis was carried out according to a standard
process [16,17]. We searched the PubMed and the Embase databases from inception to 10 January 2017
for records relevant to yogurt consumption and risk of incident CVD. Our search included terms as
“fermented dairy”, “yogurt”, “yoghurt”, “sour milk”, “fermented milk”, “cultured milk”, “probiotic”,
etc. Language restriction was not set. A detailed search strategy is presented in Supplementary
Table S1. The references of the relevant reviews and original articles were manually searched to find
out more potential eligible studies. When multiple published articles were found from an identical
study, the one with the longest follow-up duration was included in the present analysis.

2.2. Selection Criteria and Data Extraction

The authors independently conducted the initial screening process. After removing the duplicate
records, we identified the title and the abstract of each eligible article. Unrelated articles were excluded,
and articles of interest were included as further evaluation. Any disagreements were resolved by
discussion between the two authors.

Inclusive criteria: (1) studies reporting the relationship of yogurt intake and the incident risk
of CVD (CHD or stroke) by using adjusted relative risks (RRs), hazard ratios (HRs), or odds ratios
(ORs) and their corresponding 95% confidence intervals (CIs); (2) studies in which exposures were the
fermented milk, but yogurt was the largest contribution to the total fermented milk; and (3) the study
design was based on prospective cohort. Exclusive criteria: (1) the data reported individual components
of yogurt, such as protein or probiotics; (2) studies that only reported results for total dairy/milk
products or combined non-fermented and fermented milk; (3) the studies in which the participants are
aged <18 years; and (4) the studies in which the participants are pregnant or lactating females.

Data extraction was independently implemented by two authors. Data were extracted from
each eligible article including the first author, the published year, the study location, the number of
cases and total participants, baseline age and gender of participants, the method of exposure and the
outcome measurements, the type of exposure and outcome, duration of follow-up, adjusted variables,
and the largest number of adjusted ORs, RRs, or HRs with their corresponding 95% CIs of incident
CVD for all categories of yogurt consumption.

2.3. Quality Assessment

The Newcastle-Ottawa quality scale (NOS) [18] was used to estimate the quality assessment of
all eligible articles. Higher points indicated higher study quality, and the scale ranged between 0
and 9 points. Three domains were assessed: (1) the basis of the cohort selection (0–4 points); (2) the
comparability of the cohort design and analysis (0–2 points); (3) and the adequacy of measurements
including exposure and outcome variables (0–3 points).
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2.4. Statistical Analysis

Statistical analyses were conducted using two sorts of software: Stata (12.0, StataCorp LP, College
Station, TX, USA) and Review Manager (5.2, The Nordic Cochrane Centre, Copenhagen, Denmark).
We applied RRs to measure the effect size for articles using the incident cases of CVD as an outcome.
An approach of generic inverse-variance was used to pool the outcome data for the yogurt intake of
highest vs. lowest category with a random-effects model. The p-values less than 0.05 were regarded
as statistical significant. Heterogeneity across studies was examined by the I2 statistic which, when
greater than 50%, indicated significant results [19]. Additionally, we conducted a stratified analysis
based on pre-specified characteristics including the type of CVD (CHD or stroke), study location
(North America or Europe), age (<40 or ≥40 years), gender (male, female or both sexes), the exposure
type (yogurt or combined with other dairy products), and the exposure dose (<200 or ≥200 g/day).
Furthermore, meta-regression analysis was used to identify the potential difference of the two groups,
p-values of less than 0.1 were judged as significant. To evaluate the effect of an individual article
on the overall pooled results, a sensitivity analysis was conducted by omitting each article from the
overall analysis in every turn. The publication bias was examined through the tests of Begg’s and
Egger’s [20,21].

Generalized least squares trend (GLST) estimation model was used to compute the specific slopes
in the dose-response analysis [22,23]. For categories (at least three) of yogurt consumption that were
open (e.g., 30–69 g/day), we assigned the median value as the homologous category of yogurt intake.
If the maximum dose was unlimitedly fixed (e.g., >200 g/day), we assumed that the mean was 25%
larger than the lower level of the specific category [24]. When the number of cases for each category
was not available, the RRs were acquired with a general estimate [25]. When studies reported yogurt
intake in serving/day, we converted the intake to g/day using a standard unit of 244 g [26]. The results
of the dose-response analysis were shown for each gram increased in daily yogurt intake. A restricted
cubic spline model (four-knot) was applied for the assessment of non-linearity hypothesis in the
association between yogurt intake and the incident risk of CVD.

3. Results

3.1. Article Identification and Selection

Figure 1 presents a flow diagram of articles included in the present study. In the initial search
process, 1348 studies were identified from the Pubmed and the Embase databases. After removing the
duplicated articles, 1161 studies were included for further assessment. A total of 1138 studies were
excluded after reading the titles and the abstracts. The remaining 23 studies were evaluated to assess
for eligibility after reading the full-text. Finally, nine cohort studies were eligible for inclusion in our
meta-analysis [27–35]. One of the nine articles was identified from references of a full-text article [29].

3.2. Study Characteristics

Characteristics of each included article are shown in Table 1. Publication years were ranged
between 1999 and 2015. Two articles were conducted in North America [27,29] and the remaining
seven articles were performed in Europe [28,30–35]. Follow-up durations ranged between 10.2 [31] and
17.3 years [33]. Six articles included both men and women [27,28,31,33–35], one article included only
men [30], and two articles included only women [29,32]. The baseline age of the participants ranged
from ≥21 [28] to ≥55 years [33]. The number of study participants ranged from 1759 [27] to 85,764 [29]
for a total number of 291,236. Yogurt intake was assessed by a food-frequency questionnaire (FFQ),
and the incidences of CVD were ascertained from medical records or registries in all included articles.
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Figure 1. Flow diagram of articles included in the present study.

3.3. Quality Assessment

All studies received a quality score of 8–9 stars (Supplementary Table S2). All articles measured
yogurt intake by FFQ. The diagnoses of CVD were ascertained from medical records or registries in all
included articles. The follow-up duration of all articles was greater than 10 years. One article did not
exclude participants with a history of CHD events [27], and one study only included the elderly male
smokers (at a higher risk of CVD) [30]. One article only adjusted for age and smoking status in the
statistical model [29].

3.4. Yogurt Consumption and the Occurrence of CVD

Figure 2 shows the forest plot of RRs (95% CIs) for the relationship of yogurt consumption
(highest vs. lowest dose) and the occurrence of CVD by type of outcome. Yogurt consumption was not
significantly associated with the developing of CVD in the pooled analysis of 14 comparatives, and
the RR (95% CI) was 1.01 (0.95, 1.08) with an evidence of significant heterogeneity (I2 = 52%). In the
stratified analysis by type of outcome, the pooled RRs (95% CIs) of yogurt consumption were 1.04 (0.95,
1.15) for CHD, 1.02 (0.92, 1.13) for stroke, and 0.87 (0.77, 0.98) for the incident CVD events. Sensitivity
analysis showed that further exclusion of any individual comparative did not significantly alter the
pooled RR, and the RRs (95% CIs) ranged between 0.99 (0.94, 1.07) and 1.03 (0.96, 1.09). Exclusion the
study by Larsson et al. [30] reduced the heterogeneity to 40%. No publication bias was observed among
14 comparatives (Supplementary Figure S1, Egger’s test: p-value = 0.228, Begg’s test: p-value = 0.254).
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Figure 2. Forest plot of relative risks (RRs) and 95% confidence intervals (CIs) for the association
between category of yogurt intake (highest vs. lowest) and the incident risk of coronary heart disease
(CHD), stroke, and cardiovascular disease (CVD). CI, cerebral infarction; IH, intra-cerebral hemorrhage;
SH, subarachnoid hemorrhage.

3.5. Subgroup Meta-Analysis

As shown in Table 2, analyses by study location, age, gender, and the type of exposure did not
significantly affect the associations between yogurt intake and the incident risk of CVD (p-value for
difference >0.1 for each group). Stratified analysis by yogurt dose of the highest category (<200 or
≥200 g/day) significantly affected the association (p-value for difference = 0.09), and ≥200 g/day
yogurt intake was significantly associated with lower risk of CVD compared with the reference category,
and the RR (95% CI) was 0.92 (0.85, 1.00).

Table 2. Stratified analysis of the association between yogurt consumption and the incident risk of
cardiovascular disease.

Comparisons, No. Relative Risk (95% Confidence Interval)

Total 14 1.01 (0.95, 1.08)
Study location
North America 3 1.15 (0.87, 1.52)

Europe 11 1.00 (0.94, 1.07)
p-value for difference 0.36

Age
<40 years 4 0.98 (0.90, 1.08)
≥40 years 10 1.04 (0.94, 1.14)

p-value for difference 0.66
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