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Abstract: Alzheimer’s disease (AD), characterized by cognitive decline and devastating
neurodegeneration, is the most common age-related dementia. Since AD is a typical example
of a complex disease that is affected by various genetic and environmental factors, various factors
could be involved in preventing and/or treating AD. Extracellular accumulation of beta-amyloid
peptide (Aβ) and intracellular accumulation of tau undeniably play essential roles in the etiology of
AD. However, interestingly enough, medications targeting Aβ or tau all failed and the only clinically
efficient medications for AD are drugs targeting the cholinergic pathway. Also, a very intriguing
discovery in AD is that the Mediterranean diet (MeDi), containing an unusually large quantity of
Lactobacilli, is very effective in preventing AD. Based on recently emerging findings, it is our opinion
that the reduction of blood ammonia levels by Lactobacilli in MeDi is the therapeutic agent of MeDi
for AD. The recent evidence of Lactobacilli lowering blood ammonia level not only provides a link
between AD and MeDi but also provides a foundation of pharmabiotics for hyperammonemia as
well as various neurological diseases.
Keywords: Alzheimer’s disease; Mediterranean diet; blood ammonia level; Lactobacillus;
gut microbiota

1. Introduction
As the population ages, the incidence and prevalence of age-related diseases have been increasing
year by year, posing a new global dilemma. Alzheimer’s disease (AD) is one of the most common
age-related diseases and is a serious public health challenge, with over 5 million new cases each
year, over 33 million patients worldwide and an economic burden exceeding half a trillion USD [1].
It has been reported that the number of patients with AD is predicted to be 52.9 million by 2030 and
94.9 million by 2050, which is almost triple the existing population affected [1].
Characterized by dementia, AD starts from short-term memory loss, progresses into cognitive
deficits and ultimately leads to death [2]. Patients increasingly rely on others for assistance, while
the pressures of costly and prolonged treatments for AD patients involve psychological, physical,
economic and social elements. The cause and mechanism of AD are still poorly understood so that
several hypotheses are competing against each other to explain the etiological mechanism of AD.
In the last decade, AD researches have focused on amyloid plaques, neurofibrillary tangles and the
cholinergic pathway in the progression of AD. In accordance with the trends of AD researches, there
has been an investigation with a large number of therapeutic agents such as anti-Aβ regimens, β-site
peptide cleaving enzyme-1 (BACE1) inhibitors, N-methyl-D-aspartate antagonists and cholinesterase
inhibitors to modulate those pathways [3]. However, those efforts to develop therapeutic agents for
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AD have not been successful in spite of serious scientific effort and still remains a most intractable
scientific challenge [4,5].
The failure in developing efficient therapeutic agents for AD might originate from the fact that
AD is a typical example of complex diseases. It has been well known that a combination of various
genetic, environmental and lifestyle factors cause AD. Among the various determinant factors for AD,
the significance of blood ammonia as an etiological agent has not been widely noted. Ammonia, which
is produced as an end-product of protein catabolism, has been devoted much attention for its strong
neurotoxicity. Although acute hyperammonemia manifests as encephalopathy, the clinical manifestations
of chronic, slightly elevated blood ammonia levels have not been studied. However, considering the
neurotoxic nature of ammonia, it would be reasonable to speculate that chronically elevated levels of
ammonia are associated with AD. In fact, several initial studies declared the association between AD
and blood ammonia level [6,7], providing a possible link between ammonia level and AD.
The multiple different facets of AD and related pathophysiology obviously require us to consider
a new paradigm to develop therapeutic agents for AD. Targeting gut microbiota could be an example
of a new paradigmatic approach for the development of therapeutic agents for AD. Recent evidence
show that gut microbiota play an intricate role in many different neuronal functions as well as
various neurological diseases such as Autism spectrum disorder (ASD), Parkinson’s disease (PD),
multiple sclerosis (MS), mood disorders, Gulf War Illness (GWI), multiple sclerosis, neuromyelitis
optica spectrum disorders, Huntington disease and amyotrophic lateral sclerosis and so on [8–14].
Considering the fact that the gut-brain axis is the most significant signaling between the gastrointestinal
(GI) tract and the central nervous system (CNS) in the body, it would not be surprising to note that gut
microbiota act as important etiological agents for neurological diseases or modulators for neuronal
function. In this context, recent findings of some Lactobacillus strains reducing blood ammonia levels
throw a light on how gut microbiota affects neurological diseases and neuronal functions. Because
blood ammonia is a waste metabolite acting as the strongest neurotoxin in the body, chronically
elevated ammonia levels could lead to neurodegeneration which can manifest as AD. Therefore,
the fact that certain Lactobacilli strains efficiently reduce blood ammonia levels makes us ponder
whether the characteristic of a Mediterranean diet (MeDi), preventing AD roots on the consumption of
unusually large quantity of Lactobacilli.
2. The Etiological Mechanism of AD
AD is a multifactorial neurodegenerative disease in which environmental risk factors (i.e., toxins,
xenobiotics, ultraviolet radiation and pollutants) and genetic factors (including mutations of amyloid
precursor protein (APP), presenilin genes (PSEN1 and 2) and allelic variation in apolipoprotein E (Apo E))
interact to enhance the incidence [15,16]. Despite world-wide efforts to elucidate the etiology of AD,
progress towards this goal is surprisingly limited. The etiological mechanism for most cases of AD is still
mostly unknown. But many hypotheses have been proposed to explain the AD’s causes. These include
the Amyloid hypothesis, the Tau hypothesis, Genetics, the Cholinergic hypothesis and other hypotheses.
The most commonly used hypothesis is the amyloid hypothesis and recent studies have also
focused on the role of Aβ oligomers in synaptic impairment [17–19], which accumulate to form
extracellular fibrillar amyloid plaques, one of the pathological features in AD [20]. As a transmembrane
protein, APP penetrates through the cell membrane. It is critical to neuron growth, post-injury repair
and survival [21]. The normal APP is processed by α-secretase, while mutational APP is cleaved by
β- and γ-secretases, altering the balance between the production and clearance of Aβ peptide [22].
Both the activated neurons and the associated astrocytes produce Aβ42 oligomers [19]. When excess
neuronal Aβ42 oligomers start flowing out of the neurons onto their surrounding astrocytes, besides
aggregating or diffusing in the extracellular periphery, neurons and astrocytes are permitted with
Aβ42 oligomer-binding receptors [19]. Because of the functional and intimate physical interdigitations
in the neurons’ client group, the neuron-associated astrocytes’ α7nicotinic Ach receptors (α7nAChRs)
are directly bound to the Aβ42 oligomers [23]. The signals from α7nAChRs result in glutamate
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Tau is a microtubule-associated protein synthesized by neuronal cells. It is responsible for
stabilization of the microtubules to support neuronal functions such as cell growth, axonal morphology
and polarity which becomes missorted in AD [27]. It is considered that excess Aβ42 oligomers
production promotes tau hyperphosphorylation to evoke the disease cascade [28]. Threads of tau
proteins accumulate to eventually form intracellular neurofibrillary tangles, one of pathological features
in AD [29]. Subsequently, the axonal form of microtubules is destroyed, which is the neuronal transport
system, while the structure of neuronal cytoskeleton is disintegrated [30]. These variations result in
a cascade of events, including malfunctions in neuronal biochemical communication and later cell
deaths [29]. While the AD’s pathological features, such as amyloid plaques and neurofibrillary tangles,
are recognized, the etiological mechanisms have not been clearly. Thus, this lesser understanding
about the onset of AD could be the possible reason behind the lack of an effective cure of the disease to
date (Figure 1).
3. Association of AD with Low Degree of Chronic Hyperammonemia
Since the first description of AD in 1907, a great number of possible etiologic factors have been
advanced. Among these factors, ammonia deserves special interest for its demonstrated toxicity on
CNS function. Depending upon the duration and magnitude of exposure, elevated brain ammonia
results in typical neurological symptom common to AD, including memory dysfunctions, cognitive
and spatial learning; and pathophysiological aberrations include the following: mitochondrial
dysfunction, disruption of cellular glucose metabolism, neurotransmission and regulation of
inflammatory responses.
Ammonia is a normal end product of human tissues’ metabolism. Nevertheless, it is a highly
neurotoxic compound at even sub-millimolar concentrations [26,31]. Thus, ammonia detoxification in
organisms is indispensable. In the brain, in either normal or hyperammonemic conditions, the route
of ATP-dependent formation of glutamine by glutamine synthetase (L-glutamate:ammonia ligase
(ADP-forming; E.C.6.3.1.2)) (GS) is predominantly used for ammonia removal [32]. And, astrocyte is
the exclusive to modulate GS expression for the limitation of brain ammonia rather than neuron [33].
In the AD brain, the density of extracellular deposits of Aβ and senile plaques (SP) in the cortex
induces the oxidative structural alterations of GS by interacting with it as well as enhances the
neurotoxicity of Aβ [34]. This causes loss of astrocytic GS activity and induces the impairment of
Glutamate-Glutamine cycle and astrocytosis [35]. Thus, it is a general phenomenon that brain ammonia
concentration increases by lower brain GS activity with age. A previous study has shown that the
ammonia levels in AD group were prominently higher than in control group [36], while others have
proved that there was a significant difference between post-prandial blood ammonia levels and the
values before meals. The patients with high blood ammonia levels showed tri-phasic waves, the kind
of electroencephalographic (EGG) which is suggestive of hepatic encephalopathy (HE) [6]. And all
patients in these studies were free of other diseases and exogenous ammonia sources. These results
support amyloid plaque formation and abnormal ammonia metabolism in AD brain (Figure 2).
Ammonia significantly disrupts mitochondrial function and cerebral energy metabolism. High
ammonia concentration suppresses the activities of alpha-ketoglutarate dehydrogenase and isocitrate
dehydrogenase to increase the activity of ROS, superoxidase and Poly ADP-Ribose polymerase (PARP)
in AD brain mitochondria [37]. This can also decrease the activity of cytochrome c oxidase, complexes
I–IV, superoxidase dismutase and glutathione peroxidase to inhibit mitochondrial electron transport
chain (ETC) [38,39]. Consequentially, the ammonia-induced stress condition contributes to the changes
in mitochondria morphology, the regulation of the balance between mitochondrial fission and fusion
and a reduced rate of mitochondrial axonal transport [40,41] (Figure 2).
Besides mitochondrial dysfunction, energy metabolism is affected in AD brain. The reduction in
glycolytic process was observed by comparing the enzymatic activity of glucose transporters, pyruvate
dehydrogenase (PDH) [42], hexokinase and enzymes of the tricarboxylic acid (TCA) cycle between AD
group and control group [43]. In addition, ammonia-induced inhibition of the TCA cycle in brain was
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between AD group and control group [43]. In addition, ammonia-induced inhibition of the TCA
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decarboxylation of alpha-ketoglutarate [44] (Figure 2).
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Gamma-aminobutyric acid (GABA) is the chief inhibitory neurotransmitter in the CNS to play
Gamma-aminobutyric acid (GABA) is the chief inhibitory neurotransmitter in the CNS to play a
a critical role in AD, being extensively studied in AD and hyperammonemia. Some papers have
critical role in AD, being extensively studied in AD and hyperammonemia. Some papers have
proven that elevated ammonia level increase the GABA release to enhance the GABAergic system in
proven that elevated ammonia level increase the GABA release to enhance the GABAergic system in
AD which upregulates inhibitory neurotransmission to cause cognitive deficits in AD [45]. Further,
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AD which upregulates inhibitory neurotransmission to cause cognitive deficits in AD [45]. Further,
one theory has been postulated to explain that hyperammonemia stimulates the“peripheral-type”
benzodiazepine receptor (PTBR) [46]. PTBR is localized uniquely on the astrocytic outer-mitochondrial
membrane and induces increased pregnenolone and cholesterol transport. The former is the precursor
of “neurosteroids” [47], which have positive allosteric modulatory properties on the neuronal
GABA-A receptor leading to increased inhibitory neurotransmission [48]. It is generally thought
that neuroinflammation is a pathological feature of AD. However, some findings indicate that high
ammonia concentration leads to the neuronal cell apoptosis via nuclear factor-kappa B (NF-κB) [49],
which plays an indispensable role to modulate inflammatory responses, impairment of mitochondrial
function, immunity and apoptosis via regulating the activity of NO, superoxide, phospholipase
A2 (PLA2), peroxynitrite and inducible nitric oxide synthase (iNOS), NADPH oxidase (NOX) and
mitochondrial dysfunction [50,51]. Even there are some evidences to support the association among
high ammonia concentration, GABA and neuroinflammation but the mechanisms and pathways are
still not clear (Figure 2).
These observations support that ammonia is a potential neurotoxic factor which induces
pathophysiological progression and typical symptoms of AD. Speculatively, the aim to predict the way
of maintaining a normal ammonia level in brain might be the predominant therapeutic of AD.
4. Effect of Lactobacilli on Lowering Blood Ammonia Levels
High blood ammonia is an excessive accumulation of ammonia in the blood. It occurs due to
increased production or decreased clearance of ammonia [32]. In general, ammonia is produced
from both exogenous and endogenous sources [52]. Endogenous sources involve hydrolysis of
proteins, degradation of amino acids, deamination of amino-purines and oxidative deamination of
primary amines while exogenous sources generates substantial amount of ammonia in the gut due
to bacterial degradation of urea and deamination of amino acids [53]. Existing evidences indicate
that ammonia accumulation in the brain damages neurons and can lead to various neurological
abnormalities. Low levels of ammonia (50–250 µM) are not toxic to the brain due to protection
from the blood-brain barrier but high blood ammonia levels (1–10 mM) can cross the blood-brain
barrier [54] and build up in the brain, resulting into neurological disorders such as AD. Ammonia
levels within 50–250 µM concentration is considered to be in a tolerable range to ensure the systemic
functions. Concentrations exceeding 1 mM are usually toxic. Ammonia exposure at 1–10 mM
produced swelling of immunochemically-identified astrocytes and at 10 mM resulted in macroscopic
tissue swelling, with slice thickness increasing by about 30% among the various bacteria, lactic
acid bacteria are thought to have beneficial effects to the host through various mechanisms such as
anti-tumorigenic, anti-inflammatory and pathogen-exclusion properties [55]. Increasing evidences
indicate that Lactobacilli have been associated with promoting the growth of non-urease producing
species, lowering the intestinal pH and reducing the absorption of ammonia in the colonic lumen [56].
Study shows that oral and rectal administration of Lactobacillus plantarum decreased both blood and
fecal ammonia levels in rodent models of hyperammonemia [57]. A slight improvement in alanine
aminotransferase (ALT) serum levels and in liver histopathology was shown after administration of
Lactobacilli in a rat model of mild HE induced by thioacetamide (TAA) [58]. In this study, a new strain
of Lactobacillus plantarum was constructed which overproduced alanine dehydrogenase and consumed
in vitro higher amounts of ammonia than its wild-type counterpart. When given at doses of 109 CFU
in vivo to mice suffering from acute liver failure with hyperammonemia, this modified strain had the
same ability to decrease blood ammonia, to decrease mortality and to consume gut ammonia, such as
that of wild-type Lactobacillus plantarum [59]. Some clinical studies performed in patients with liver
diseases suggest that Lactobacillus strains were able to decrease blood ammonia level and improve
neuropsychological symptoms (Table 1). It appears that the reduction in blood ammonia level occurred
due to reduced bacterial urease activity and the alleviation of potential of hydrogen (pH) which helps
to absorb ammonia in the gut [60].
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A key question is whether the effect of Lactobacillus found in yogurt on lowering blood ammonia
levels has a significant impact on the pathology of AD. The first hint to the answer came from a recent
study where the efficacy of Lactobacillus helveticus NS8 was tested in preventing cognitive decline
and anxiety-like behavior in hyperammonemia rats [61]. Chronic hyperammonemia was induced in
rats by intraperitoneal injection of ammonium acetate. And, hyperammonemia rats were then given
Lactobacillus helveticus NS8 (109 CFU mL−1 ) in drinking water as a daily supplementation. Although
this study didn’t measure the difference in blood ammonia levels, it still presents interesting results
that the administration of Lactobacillus helveticus NS8 significantly reduced the level of inflammatory
markers, decreased 5-HT metabolism and restored cognitive function. Another recent study showed
that the probiotic (containing Lactobacillus acidophilus, Lactobacillus casei, Bifidobacterium bifidum and
Lactobacillus fermentum) administration for three months has favorable effects on Mini–Mental State
Examination (MMSE) score, malonyl dialdehyde (MDA), high sensitive C-reactive protein (hs-CRP),
markers of insulin metabolism and triglycerides levels of the AD patients [62]. In this study also,
author didn’t notice the importance of blood ammonia level. We strongly believe that it is important to
check blood ammonia level considering the neurotoxicity of ammonia in the context of AD.
Table 1. Limited clinical trials in patient with Liver disease.
Method

RCT

Subjects

40

Treatment

Duration of
Treatment

Result

References

Enterococcus faecium
SF68 or lactulose

Three periods of
4 weeks with
2 weeks of
drug-free intervals

Reduction in blood
ammonia levels,
improved
neurocoginitive
(Reitan’s) test

[63]

30 days

Increment in the fecal
content of
non-urease-producing
Lactobacillus species,
significant reduction in
blood ammonia levels
and reversal of minimal
hepatic encephalopathy
(MHE) in 50% of patients

[64]

[65]

[66]

55

synbiotic preparation
(n = 20), fermentable
fiber alone (n = 20),
or placebo (n = 15)

RCT

160

lactulose, probiotics
and L-ornithine
L-aspartate (LOLA)

3 months

Reduction in blood
ammonia levels,
significantly improved
MHE

RCT

25

probiotic yogurt

2 months

significant rate of MHE
reversal

RCT

RCT: randomized clinical trial.

5. Consumption of a Large Quantity of Lactobacilli in the Medi as a Reason for a Lowered
Incidence Rate of AD in Mediterranean
The dietary pattern of populations bordering the Mediterranean Sea is called Medi and has been
widely reported for its model of healthy eating and is often linked to the lower incidence rate of
AD in the Mediterranean region [67]. Population-based cross-sectional cohort study conducted in
Greece [68] and The Three-City Study conducted in France [69] showed that the adherence to a Medi
was associated with better global cognitive function. Another prospective longitudinal cohort study
was conducted in Bordeaux, France which examined 1410 non-demented elderly individuals [70].
They were re-examined at least once over 5 years. Some neuropsychological tests such as MMSE,
Isaacs Set Test, Benton Visual Retention Test and Free and cued Selective Reminding Test were used to
evaluate the cognitive ability. The major finding of this study was that the higher adherence to the
Medi showed small number of errors in MMSE and slower decline of cognitive function [71].
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Typical components of Medi include proportionally high consumption of dairy products (mostly
as yogurt and cheese), high intake of vegetables, legumes, fruits and cereals, high intake of unsaturated
fatty acids, (mostly in the form of olive oil) and a low intake of meat and poultry [72]. Medi effect
on cognitive health is mediated by several biological mechanisms such as reduced risk of coronary
heart disease, diabetes, dyslipidemia, hypertension and metabolic syndrome [73]. These conditions
are also related to AD. Higher adherence to Medi has been related to improved glucose metabolism
and insulin sensitivity, promoting metabolic control. In recent years, dietary patterns in relation to
diseases have been in focus [74]. This useful approach acknowledges the fact that food and nutrients
act in concert and are biologically interactive. Lately, there is a growing interest for Medi because of its
impact on overall mortality [75].
Medi has been the most investigated dietary pattern in many epidemiological studies. Several
studies on Medi such as the Memory and Aging Project (MAP) [76], Washington Heights–Inwood
Columbia Aging Project (WHICAP) [77], Reasons for Geographic and Racial Differences in Stroke
(REGARDS), ref. [78] and the Chicago Health and Aging Project (CHAP) [79] have found clear
protective effects against cognitive decline. Inflammation has been found to be associated with a higher
risk for AD. CRP is a non-specific inflammatory marker that has been detected in neuritis plaques
and neurofibrillary tangles in the brains of patients with AD [80]. Observational and interventional
studies have showed that higher adherence to the Medi has been associated with lower CRP levels [81].
In the ATTICA epidemiological study, participants on the highest tertile of the MeDi score had 20%
lower CRP levels and in the Nurses’ Health Study, there was a 24% reduction in CRP levels for subjects
belonging to the upper quintile of a MeDi adherence index [82]. Many studies implicate oxidative
damage in the pathogenesis of AD with neurons at risk having increased lipid peroxidation, nitration,
free carbonyls and nucleic acid oxidation. There is evidence that decreased oxidative stress was
found in people who adhere to MeDi. It may have increased plasma brain-derived neurotrophic
concentration [83]. This can explain the association of MeDi with lower risk of AD.
Regarding causative factors in AD, various neurotoxins have been proposed but the effect of
ammonia as a potent neurotoxin in relation to the pathology of AD has received less attention [84].
A high concentration of ammonia causes deleterious effects on the cell. Several studies indicate that
upon ammonia-induced stress condition activity of PARP increased in brain mitochondria. Some
studies have reported detection of elevated blood ammonia levels in the patients with AD [85]. Others
have found that ammonia concentrations of lumen and dialysate samples were lower in MeDi group
than Scandinavian diet group, as well as, the group of whole components of MeDi showed lower
ammonia level than cereal group or fruit and vegetable group [86]. It is important to notice that
water-rich dairy product (yogurt) is one of the main characteristics of MeDi [87]. Adherence to MeDi
could allow lactic acid bacteria in the gut through the competitive inhibition due to high consumption
of yogurt [88]. In addition, existing evidence suggests that administration of Lactobacilli, contained in
yogurt, helps in reducing elevated blood ammonia levels [89]. Lactobacilli reduce the blood ammonia
level by stabilizing physiological luminal permeability. On the other hand, Lactobacilli also promote
the growth of non-urease producing microflora bacteria followed by depressing ammonia production
and release into the portal system [90]. Therefore, higher adherence to the MeDi may be able to remove
neurotoxin effects of ammonia in the brain by lowering the blood ammonia levels and this could,
at least partially, explain the lowered incidence rate of AD in Mediterranean.
6. Discussion
Various epidemiological studies have consistently shown that the MeDi slow cognitive decline in
older adults reduces the risk of mild cognitive impairment, a transitional stage between the cognitive
decline of normal aging and most interestingly, lowers the risk of AD. Despite the obvious fact that
the MeDi is beneficial for healthy brain, the scientific reason is unclear even now. The MeDi consists
of especially large quantity of yogurt, which means that Mediterraneans consume an extraordinary
quantity of Lactobacilli. In this context, recent evidence showing that some Lactobacillus strains
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efficiently reduced blood ammonia levels cast a light on a historically long, nagging question on why
the MeDi is beneficial for a healthy brain. We believe that Lactobacilli, especially abundant in the
MeDi, help to maintain a low level of blood ammonia level. Because ammonia is the strongest natural
neurotoxin, it would be unrealistic that maintaining blood ammonia at low levels does not contribute
positively for health of brain.
The recent evidence of Lactobacilli lowering blood ammonia level not only provides a link
between AD and MeDi but also suggest a possible role of gut microbiota in neurological diseases and
neuronal functions. Because there could be a plenty of intestinal bacteria among the constituent of
gut microbiota lowering blood ammonia levels, investigating various strains of intestinal bacteria will
provide a foundation for pharmabiotics for hyperammonemia as well as various neurological diseases.
Author Contributions: S.-T.H. conceived the idea. Y.Y.J. and P.S. researched and wrote manuscript, resulting in
equal contribution. H.-J.C. assisted in reviewing literature. All authors read and approved the final manuscript.
Funding: This research was funded by Global accompanied growth R&BD program grant number N042600010.
Acknowledgments: This research was financially supported by the “Global accompanied growth R&BD program
(N042600010)” through the Ministry of Trade, Industry and Energy (MOTIE, Korea).
Conflicts of Interest: The authors declare no conflict of interest.

References
1.

2.
3.

4.
5.

6.
7.
8.

9.
10.
11.

12.
13.

Islam, M.A.; Khandker, S.S.; Alam, F.; Khalil, M.I.; Kamal, M.A.; Gan, S.H. Alzheimer’s disease and natural
products: Future regimens emerging from nature. Curr. Top. Med. Chem. 2017, 17, 1408–1428. [CrossRef]
[PubMed]
Burns, A.; Iliffe, S. Alzheimer’s disease. BMJ 2009, 338, b158. [CrossRef] [PubMed]
Heneka, M.T.; Carson, M.J.; El Khoury, J.; Landreth, G.E.; Brosseron, F.; Feinstein, D.L.; Jacobs, A.H.;
Wyss-Coray, T.; Vitorica, J.; Ransohoff, R.M.; et al. Neuroinflammation in Alzheimer’s disease. Lancet Neurol.
2015, 14, 388–405. [CrossRef]
Agostinho, P.; Cunha, R.A.; Oliveira, C. Neuroinflammation, oxidative stress and the pathogenesis of
Alzheimer’s disease. Curr. Pharm. Des. 2010, 16, 2766–2778. [CrossRef] [PubMed]
Gill, S.S.; Anderson, G.M.; Fischer, H.D.; Bell, C.M.; Li, P.; Normand, S.L.; Rochon, P.A. Syncope and its
consequences in patients with dementia receiving cholinesterase inhibitors: A population-based cohort
study. Arch. Intern. Med. 2009, 169, 867–873. [CrossRef] [PubMed]
Fisman, M.; Ball, M.; Blume, W. Hyperammonemia and Alzheimer’s disease. J. Am. Geriatr. Soc. 1989, 37,
1102. [CrossRef] [PubMed]
Fisman, M.; Gordon, B.; Feleki, V.; Helmes, E.; Appell, J.; Rabheru, K. Hyperammonemia in Alzheimer’s
disease. Am. J. Psychiatry 1985, 142, 71–73. [CrossRef] [PubMed]
Alhasson, F.; Das, S.; Seth, R.; Dattaroy, D.; Chandrashekaran, V.; Ryan, C.N.; Chan, L.S.; Testerman, T.;
Burch, J.; Hofseth, L.J.; et al. Altered gut microbiome in a mouse model of gulf war illness causes
neuroinflammation and intestinal injury via leaky gut and tlr4 activation. PLoS ONE 2017, 12, e0172914.
[CrossRef] [PubMed]
Chen, X.; D’Souza, R.; Hong, S.T. The role of gut microbiota in the gut-brain axis: Current challenges and
perspectives. Protein Cell 2013, 4, 403–414. [CrossRef] [PubMed]
Diamanti, A.P.; Manuela Rosado, M.; Lagana, B.; D’Amelio, R. Microbiota and chronic inflammatory arthritis:
An interwoven link. J. Transl. Med. 2016, 14, 233. [CrossRef] [PubMed]
Ghaisas, S.; Maher, J.; Kanthasamy, A. Gut microbiome in health and disease: Linking the
microbiome-gut-brain axis and environmental factors in the pathogenesis of systemic and neurodegenerative
diseases. Pharmacol. Ther. 2016, 158, 52–62. [CrossRef] [PubMed]
Tremlett, H.; Bauer, K.C.; Appel-Cresswell, S.; Finlay, B.B.; Waubant, E. The gut microbiome in human
neurological disease: A review. Ann. Neurol. 2017, 81, 369–382. [CrossRef] [PubMed]
Umbrello, G.; Esposito, S. Microbiota and neurologic diseases: Potential effects of probiotics. J. Transl. Med.
2016, 14, 298. [CrossRef] [PubMed]

Nutrients 2018, 10, 564

14.

15.

16.

17.
18.

19.
20.
21.
22.

23.

24.
25.
26.
27.
28.
29.

30.

31.

32.
33.
34.

10 of 13

Yarandi, S.S.; Peterson, D.A.; Treisman, G.J.; Moran, T.H.; Pasricha, P.J. Modulatory effects of gut microbiota
on the central nervous system: How gut could play a role in neuropsychiatric health and diseases.
J. Neurogastroenterol. Motil. 2016, 22, 201–212. [CrossRef] [PubMed]
Cruchaga, C.; Haller, G.; Chakraverty, S.; Mayo, K.; Vallania, F.L.; Mitra, R.D.; Faber, K.; Williamson, J.;
Bird, T.; Diaz-Arrastia, R.; et al. Rare variants in app, psen1 and psen2 increase risk for ad in late-onset
Alzheimer’s disease families. PLoS ONE 2012, 7, e31039. [CrossRef]
Scahill, R.I.; Ridgway, G.R.; Bartlett, J.W.; Barnes, J.; Ryan, N.S.; Mead, S.; Beck, J.; Clarkson, M.J.; Crutch, S.J.;
Schott, J.M.; et al. Genetic influences on atrophy patterns in familial Alzheimer’s disease: A comparison of
app and psen1 mutations. J. Alzheimers Dis. 2013, 35, 199–212. [PubMed]
Anand, R.; Gill, K.D.; Mahdi, A.A. Therapeutics of Alzheimer’s disease: Past, present and future.
Neuropharmacology 2014, 76 Pt A, 27–50. [CrossRef] [PubMed]
Dal Pra, I.; Chiarini, A.; Gui, L.; Chakravarthy, B.; Pacchiana, R.; Gardenal, E.; Whitfield, J.F.; Armato, U.
Do astrocytes collaborate with neurons in spreading the “infectious” abeta and tau drivers of Alzheimer’s
disease? Neuroscientist 2015, 21, 9–29. [CrossRef] [PubMed]
Takahashi, R.H.; Nagao, T.; Gouras, G.K. Plaque formation and the intraneuronal accumulation of
beta-amyloid in Alzheimer’s disease. Pathol. Int. 2017, 67, 185–193. [CrossRef] [PubMed]
Hardy, J. The amyloid hypothesis for Alzheimer’s disease: A critical reappraisal. J. Neurochem. 2009, 110,
1129–1134. [CrossRef] [PubMed]
Priller, C.; Bauer, T.; Mitteregger, G.; Krebs, B.; Kretzschmar, H.A.; Herms, J. Synapse formation and function
is modulated by the amyloid precursor protein. J. Neurosci. 2006, 26, 7212–7221. [CrossRef] [PubMed]
Salomone, S.; Caraci, F.; Leggio, G.M.; Fedotova, J.; Drago, F. New pharmacological strategies for treatment of
Alzheimer’s disease: Focus on disease modifying drugs. Br. J. Clin. Pharmacol. 2012, 73, 504–517. [CrossRef]
[PubMed]
Talantova, M.; Sanz-Blasco, S.; Zhang, X.; Xia, P.; Akhtar, M.W.; Okamoto, S.; Dziewczapolski, G.;
Nakamura, T.; Cao, G.; Pratt, A.E.; et al. Abeta induces astrocytic glutamate release, extrasynaptic nmda
receptor activation, and synaptic loss. Proc. Natl. Acad. Sci. USA 2013, 110, E2518–E2527. [CrossRef]
[PubMed]
Tuppo, E.E.; Arias, H.R. The role of inflammation in Alzheimer’s disease. Int. J. Biochem. Cell Biol. 2005, 37,
289–305. [CrossRef] [PubMed]
Kurz, A.; Perneczky, R. Novel insights for the treatment of Alzheimer’s disease. Prog. Neuropsychopharmacol.
Biol. Psychiatry 2011, 35, 373–379. [CrossRef] [PubMed]
Marcaida, G.; Felipo, V.; Hermenegildo, C.; Minana, M.D.; Grisolia, S. Acute ammonia toxicity is mediated
by the nmda type of glutamate receptors. FEBS Lett. 1992, 296, 67–68. [CrossRef]
Zempel, H.; Mandelkow, E. Lost after translation: Missorting of tau protein and consequences for Alzheimer
disease. Trends Neurosci. 2014, 37, 721–732. [CrossRef] [PubMed]
Mudher, A.; Lovestone, S. Alzheimer’s disease-do tauists and baptists finally shake hands? Trends Neurosci.
2002, 25, 22–26. [CrossRef]
Wang, J.Z.; Xia, Y.Y.; Grundke-Iqbal, I.; Iqbal, K. Abnormal hyperphosphorylation of tau: Sites, regulation,
and molecular mechanism of neurofibrillary degeneration. J. Alzheimers Dis. 2013, 33 (Suppl. 1), S123–S139.
[PubMed]
Iqbal, K.; Alonso Adel, C.; Chen, S.; Chohan, M.O.; El-Akkad, E.; Gong, C.X.; Khatoon, S.; Li, B.; Liu, F.;
Rahman, A.; et al. Tau pathology in Alzheimer disease and other tauopathies. Biochim. Biophys. Acta 2005,
1739, 198–210. [CrossRef] [PubMed]
Roquilly, A.; Perbet, S.; Simonneau, F.; Cinotti, R.; Sebille, V.; Volteau, C.; Gratas, C.; Minet-Quinard, R.;
Loutrel, O.; Rozec, B.; et al. Ammonia plasma concentration and prolonged infusion of remifentanil in
patients with acute kidney injury. Miner. Anestesiol. 2013, 79, 884–890.
Cooper, A.J.; Plum, F. Biochemistry and physiology of brain ammonia. Physiol. Rev. 1987, 67, 440–519.
[CrossRef] [PubMed]
Norenberg, M.D.; Martinez-Hernandez, A. Fine structural localization of glutamine synthetase in astrocytes
of rat brain. Brain Res. 1979, 161, 303–310. [CrossRef]
Robinson, S.R. Neuronal expression of glutamine synthetase in Alzheimer’s disease indicates a profound
impairment of metabolic interactions with astrocytes. Neurochem. Int. 2000, 36, 471–482. [CrossRef]

Nutrients 2018, 10, 564

35.
36.
37.
38.

39.

40.
41.
42.
43.

44.
45.

46.
47.
48.
49.
50.

51.
52.
53.
54.

55.
56.
57.

11 of 13

Suarez, I.; Bodega, G.; Fernandez, B. Glutamine synthetase in brain: Effect of ammonia. Neurochem. Int. 2002,
41, 123–142. [CrossRef]
Branconnier, R.J.; Dessain, E.C.; McNiff, M.E.; Cole, J.O. Blood ammonia and Alzheimer’s disease.
Am. J. Psychiatry 1986, 143, 1313–1314. [CrossRef] [PubMed]
Moreira, P.I.; Nunomura, A.; Nakamura, M.; Takeda, A.; Shenk, J.C.; Aliev, G.; Smith, M.A.; Perry, G. Nucleic
acid oxidation in Alzheimer disease. Free Radic. Biol. Med. 2008, 44, 1493–1505. [CrossRef] [PubMed]
Esteves, A.R.; Arduino, D.M.; Swerdlow, R.H.; Oliveira, C.R.; Cardoso, S.M. Oxidative stress involvement in
alpha-synuclein oligomerization in parkinson’s disease cybrids. Antioxid. Redox Signal. 2009, 11, 439–448.
[CrossRef] [PubMed]
Kosenko, E.A.; Solomadin, I.N.; Tikhonova, L.A.; Reddy, V.P.; Aliev, G.; Kaminsky, Y.G. Pathogenesis of
Alzheimer disease: Role of oxidative stress, amyloid-beta peptides, systemic ammonia and erythrocyte
energy metabolism. CNS Neurol. Disord. Drug Targets 2014, 13, 112–119. [CrossRef] [PubMed]
Cadonic, C.; Sabbir, M.G.; Albensi, B.C. Mechanisms of mitochondrial dysfunction in Alzheimer’s disease.
Mol. Neurobiol. 2016, 53, 6078–6090. [CrossRef] [PubMed]
Zhu, X.; Perry, G.; Smith, M.A.; Wang, X. Abnormal mitochondrial dynamics in the pathogenesis of
Alzheimer’s disease. J. Alzheimers Dis. 2013, 33 (Suppl. 1), S253–S262. [PubMed]
Bubber, P.; Haroutunian, V.; Fisch, G.; Blass, J.P.; Gibson, G.E. Mitochondrial abnormalities in Alzheimer
brain: Mechanistic implications. Ann. Neurol. 2005, 57, 695–703. [CrossRef] [PubMed]
Tikhonova, L.A.; Kaminsky, Y.G.; Reddy, V.P.; Li, Y.; Solomadin, I.N.; Kosenko, E.A.; Aliev, G. Impact of
amyloid beta25-35 on membrane stability, energy metabolism, and antioxidant enzymes in erythrocytes.
Am. J. Alzheimers Dis. Other Demen. 2014, 29, 685–695. [CrossRef] [PubMed]
Hertz, L.; Kala, G. Energy metabolism in brain cells: Effects of elevated ammonia concentrations.
Metab. Brain Dis. 2007, 22, 199–218. [CrossRef] [PubMed]
Rama Rao, K.V.; Jayakumar, A.R.; Tong, X.; Alvarez, V.M.; Norenberg, M.D. Marked potentiation of cell
swelling by cytokines in ammonia-sensitized cultured astrocytes. J. Neuroinflamm. 2010, 7, 66. [CrossRef]
[PubMed]
Butterworth, R.F. The astrocytic (“peripheral-type”) benzodiazepine receptor: Role in the pathogenesis of
portal-systemic encephalopathy. Neurochem. Int. 2000, 36, 411–416. [CrossRef]
Norenberg, M.D. Astroglial dysfunction in hepatic encephalopathy. Metab. Brain Dis. 1998, 13, 319–335.
[CrossRef] [PubMed]
Felipo, V.; Butterworth, R.F. Neurobiology of ammonia. Prog. Neurobiol. 2002, 67, 259–279. [CrossRef]
Buzanska, L.; Zablocka, B.; Dybel, A.; Domanska-Janik, K.; Albrecht, J. Delayed induction of apoptosis by
ammonia in c6 glioma cells. Neurochem. Int. 2000, 37, 287–297. [CrossRef]
Shi, C.; Zhu, X.; Wang, J.; Long, D. Intromitochondrial ikappab/nf-kappab signaling pathway is involved
in amyloid beta peptide-induced mitochondrial dysfunction. J. Bioenerg. Biomembr. 2014, 46, 371–376.
[CrossRef] [PubMed]
Sinke, A.P.; Jayakumar, A.R.; Panickar, K.S.; Moriyama, M.; Reddy, P.V.; Norenberg, M.D. Nfkappab in the
mechanism of ammonia-induced astrocyte swelling in culture. J. Neurochem. 2008, 106, 2302–2311. [PubMed]
O’Donnell, M.J. Mechanisms of excretion and ion transport in invertebrates. In Comprehensive Physiology;
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2010.
Marcaggi, P.; Coles, J.A. Ammonium in nervous tissue: Transport across cell membranes, fluxes from neurons
to glial cells, and role in signalling. Prog. Neurobiol. 2001, 64, 157–183. [CrossRef]
Back, A.; Tupper, K.Y.; Bai, T.; Chiranand, P.; Goldenberg, F.D.; Frank, J.I.; Brorson, J.R. Ammonia-induced
brain swelling and neurotoxicity in an organotypic slice model. Neurol. Res. 2011, 33, 1100–1108. [CrossRef]
[PubMed]
Marteau, P. Butyrate-producing bacteria as pharmabiotics for inflammatory bowel disease. Gut 2013, 62, 1673.
[CrossRef] [PubMed]
Agostini, L.; Down, P.F.; Murison, J.; Wrong, O.M. Faecal ammonia and ph during lactulose administration
in man: Comparison with other cathartics. Gut 1972, 13, 859–866. [CrossRef] [PubMed]
Itzhak, Y.; Roig-Cantisano, A.; Dombro, R.S.; Norenberg, M.D. Acute liver failure and hyperammonemia
increase peripheral-type benzodiazepine receptor binding and pregnenolone synthesis in mouse brain.
Brain Res. 1995, 705, 345–348. [CrossRef]

Nutrients 2018, 10, 564

58.
59.

60.
61.
62.

63.

64.

65.

66.

67.

68.
69.
70.
71.

72.
73.
74.
75.
76.
77.
78.

12 of 13

Jia, L.; Zhang, M.-H. Comparison of probiotics and lactulose in the treatment of minimal hepatic
encephalopathy in rats. WJG 2005, 11, 908–911. [CrossRef] [PubMed]
Nicaise, C.; Prozzi, D.; Viaene, E.; Moreno, C.; Gustot, T.; Quertinmont, E.; Demetter, P.; Suain, V.; Goffin, P.;
Deviere, J.; et al. Control of acute, chronic, and constitutive hyperammonemia by wild-type and genetically
engineered lactobacillus plantarum in rodents. Hepatology 2008, 48, 1184–1192. [CrossRef] [PubMed]
Solga, S.F. Probiotics can treat hepatic encephalopathy. Med. Hypotheses 2003, 61, 307–313. [CrossRef]
Luo, J.; Wang, T.; Liang, S.; Hu, X.; Li, W.; Jin, F. Ingestion of lactobacillus strain reduces anxiety and improves
cognitive function in the hyperammonemia rat. Sci. China Life Sci. 2014, 57, 327–335. [CrossRef] [PubMed]
Akbari, E.; Asemi, Z.; Daneshvar Kakhaki, R.; Bahmani, F.; Kouchaki, E.; Tamtaji, O.R.; Hamidi, G.A.;
Salami, M. Effect of probiotic supplementation on cognitive function and metabolic status in Alzheimer’s
disease: A. randomized, double-blind and controlled trial. Front Aging Neurosci. 2016, 8, 256. [CrossRef]
[PubMed]
Loguercio, C.; Abbiati, R.; Rinaldi, M.; Romano, A.; Del Vecchio Blanco, C.; Coltorti, M. Long-term effects of
enterococcus faecium sf68 versus lactulose in the treatment of patients with cirrhosis and grade 1-2 hepatic
encephalopathy. J. Hepatol. 1995, 23, 39–46. [CrossRef]
Liu, Q.; Duan, Z.P.; Ha, D.K.; Bengmark, S.; Kurtovic, J.; Riordan, S.M. Synbiotic modulation of gut
flora: Effect on minimal hepatic encephalopathy in patients with cirrhosis. Hepatology 2004, 39, 1441–1449.
[CrossRef] [PubMed]
Mittal, V.V.; Sharma, B.C.; Sharma, P.; Sarin, S.K. A randomized controlled trial comparing lactulose,
probiotics, and l-ornithine l-aspartate in treatment of minimal hepatic encephalopathy. Eur. J. Gastroenterol.
Hepatol. 2011, 23, 725–732. [CrossRef] [PubMed]
Bajaj, J.S.; Saeian, K.; Christensen, K.M.; Hafeezullah, M.; Varma, R.R.; Franco, J.; Pleuss, J.A.; Krakower, G.;
Hoffmann, R.G.; Binion, D.G. Probiotic yogurt for the treatment of minimal hepatic encephalopathy.
Am. J. Gastroenterol. 2008, 103, 1707–1715. [CrossRef] [PubMed]
Willett, W.C.; Sacks, F.; Trichopoulou, A.; Drescher, G.; Ferro-Luzzi, A.; Helsing, E.; Trichopoulos, D.
Mediterranean diet pyramid: A cultural model for healthy eating. Am. J. Clin. Nutr. 1995, 61, 1402s–1406s.
[CrossRef] [PubMed]
Trichopoulou, A.; Costacou, T.; Bamia, C.; Trichopoulos, D. Adherence to a mediterranean diet and survival
in a greek population. N. Engl. J. Med. 2003, 348, 2599–2608. [CrossRef] [PubMed]
Thaipisuttikul, P.; Galvin, J.E. Use of medical foods and nutritional approaches in the treatment of
Alzheimer’s disease. Clin. Pract. 2012, 9, 199–209. [CrossRef] [PubMed]
Vascular factors and risk of dementia: Design of the three-city study and baseline characteristics of the study
population. Neuroepidemiology 2003, 22, 316–325.
Feart, C.; Samieri, C.; Rondeau, V.; Amieva, H.; Portet, F.; Dartigues, J.F.; Scarmeas, N.; Barberger-Gateau, P.
Adherence to a mediterranean diet, cognitive decline, and risk of dementia. JAMA 2009, 302, 638–648.
[CrossRef] [PubMed]
Dontas, A.S.; Zerefos, N.S.; Panagiotakos, D.B.; Valis, D.A. Mediterranean diet and prevention of coronary
heart disease in the elderly. Clin. Intervent. Aging 2007, 2, 109–115. [CrossRef]
Scarmeas, N.; Stern, Y.; Mayeux, R.; Manly, J.; Schupf, N.; Luchsinger, J.A. Mediterranean diet and mild
cognitive impairment. Arch. Neurol. 2009, 66, 216–225. [CrossRef] [PubMed]
Luchsinger, J.A.; Mayeux, R. Dietary factors and Alzheimer’s disease. Lancet Neurol. 2004, 3, 579–587.
[CrossRef]
Mattson, M.P. Emerging neuroprotective strategies for Alzheimer’s disease: Dietary restriction, telomerase
activation, and stem cell therapy. Exp. Gerontol. 2000, 35, 489–502. [CrossRef]
Morris, M.C.; Tangney, C.C.; Wang, Y.; Sacks, F.M.; Bennett, D.A.; Aggarwal, N.T. Mind diet associated with
reduced incidence of Alzheimer’s disease. Alzheimers Dement. 2015, 11, 1007–1014. [CrossRef] [PubMed]
Scarmeas, N.; Stern, Y.; Tang, M.-X.; Mayeux, R.; Luchsinger, J.A. Mediterranean diet and risk for Alzheimer’s
disease. Ann. Neurol. 2006, 59, 912–921. [CrossRef] [PubMed]
Tsivgoulis, G.; Judd, S.; Letter, A.J.; Alexandrov, A.V.; Howard, G.; Nahab, F.; Unverzagt, F.W.; Moy, C.;
Howard, V.J.; Kissela, B.; et al. Adherence to a mediterranean diet and risk of incident cognitive impairment.
Neurology 2013, 80, 1684–1692. [CrossRef] [PubMed]

Nutrients 2018, 10, 564

79.

80.
81.

82.

83.

84.
85.
86.

87.
88.
89.
90.

13 of 13

Tangney, C.C.; Kwasny, M.J.; Li, H.; Wilson, R.S.; Evans, D.A.; Morris, M.C. Adherence to a
mediterranean-type dietary pattern and cognitive decline in a community population. Am. J. Clin. Nutr.
2011, 93, 601–607. [CrossRef] [PubMed]
Rubio-Perez, J.M.; Morillas-Ruiz, J.M. A review: Inflammatory process in Alzheimer’s disease, role of
cytokines. Sci. World J. 2012, 2012, 756357. [CrossRef] [PubMed]
Gardener, S.; Gu, Y.; Rainey-Smith, S.R.; Keogh, J.B.; Clifton, P.M.; Mathieson, S.L.; Taddei, K.; Mondal, A.;
Ward, V.K.; Scarmeas, N.; et al. Adherence to a mediterranean diet and Alzheimer’s disease risk in an
australian population. Transl. Psychiatry 2012, 2, e164. [CrossRef] [PubMed]
Chrysohoou, C.; Panagiotakos, D.B.; Pitsavos, C.; Das, U.N.; Stefanadis, C. Adherence to the mediterranean
diet attenuates inflammation and coagulation process in healthy adults: The attica study. J. Am. Coll. Cardiol.
2004, 44, 152–158. [CrossRef] [PubMed]
Giasson, B.I.; Ischiropoulos, H.; Lee, V.M.; Trojanowski, J.Q. The relationship between oxidative/nitrative
stress and pathological inclusions in Alzheimer’s and parkinson’s diseases. Free Radic. Biol. Med. 2002, 32,
1264–1275. [CrossRef]
Adlimoghaddam, A.; Sabbir, M.G.; Albensi, B.C. Ammonia as a potential neurotoxic factor in Alzheimer’s
disease. Front. Mol. Neurosci. 2016, 9, 57. [CrossRef] [PubMed]
Kosenko, E.A.; Venediktova, N.I.; Kaminsky, Y.G. Calcium and ammonia stimulate monoamine oxidase
a activity in brain mitochondria. Biol. Bull. Russ. Acad. Sci. 2003, 30, 449–452. [CrossRef]
Tabernero, M.; Venema, K.; Maathuis, A.J.; Saura-Calixto, F.D. Metabolite production during in vitro colonic
fermentation of dietary fiber: Analysis and comparison of two european diets. J. Agric. Food Chem. 2011, 59,
8968–8975. [CrossRef] [PubMed]
Trichopoulou, A.; Lagiou, P. Healthy traditional mediterranean diet: An expression of culture, history,
and lifestyle. Nutr. Rev. 1997, 55, 383–389. [CrossRef] [PubMed]
Walker, W.A. Role of nutrients and bacterial colonization in the development of intestinal host defense.
J. Pediatr. Gastroenterol. Nutr. 2000, 30 (Suppl. 2), S2–S7. [CrossRef] [PubMed]
Imani Fooladi, A.A.; Mahmoodzadeh Hosseini, H.; Nourani, M.R.; Khani, S.; Alavian, S.M. Probiotic as
a novel treatment strategy against liver disease. Hepatitis Mon. 2013, 13, e7521. [CrossRef] [PubMed]
Alfawaz, H.A.; Aljumah, A.A. What improves minimal hepatic encephalopathy: Probiotic yogurt, protein
restriction or nonabsorbable disaccharides? Saudi J. Gastroenterol. 2012, 18, 153–154. [PubMed]
© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

