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Abstract: Currently, due to the large number of reports regarding the harmfulness of food additives,
more and more consumers follow the so-called “clean label” trend, i.e., prefer and choose the
least-processed food products. One of the compounds known as a preservative with a high safety
profile is sodium benzoate. While some studies show that it can be used to treat conditions such as
depression, pain, schizophrenia, autism spectrum disorders, and neurodegenerative diseases, others
report its harmfulness. For example, it was found to cause mutagenic effects, generate oxidative
stress, disrupt hormones, and reduce fertility. Due to such disparate results, the purpose of this
study is to comprehensively discuss the safety profile of sodium benzoate and its potential use in
neurodegenerative diseases, especially in autism spectrum disorder (ASD), schizophrenia, major
depressive disorder (MDD), and pain relief.
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1. Introduction

Due to the advancing chemicalization of food in recent years, an increasing number
of consumers have declared their interest in such food features as sensation, health, and,
above all, safety [1–5]. For fear of the adverse effects of chemicals added to food in order to
improve its taste and appearance or extend its shelf life, the choice of the least-processed
products that do not contain additives, including preservatives, has become more and more
popular, thus creating the trend of the so-called “clean label”.

Sodium benzoate (according to the European nomenclature E211) is a salt of benzoic
acid and is well soluble in water, tasteless, and odorless, and due to its antifungal and
antibacterial properties, it is a preservative added to food in strictly defined doses. It
inhibits the growth of bacteria, yeast, and mold [6]. Sodium benzoate was approved as the
first of all food preservatives by the Food and Drug Administration (FDA). The permissible
limit of its consumption is 0–5 mg/kg of body weight. It also has a GRAS (generally
regarded as safe) status according to the FDA [7]. Sodium benzoate is considered safe for
human health if it is consumed in amounts of less than 5 mg/kg of body weight per day.
At this level, the Acceptable Daily Intake (ADI) was established. It determines the dose of a
given substance that can be consumed by a person daily throughout his or her life without
suffering any health damage.

Sodium benzoate does not accumulate in the body. Benzoate is conjugated with glycine
to form hippurate in the liver and kidney in a reaction occurring in the mitochondrial ma-
trix [8]. Upon entering the matrix, the compound is converted to benzoyl-coenzyme A
(CoA) (ligase) and then to hippurate (glycine N-acyltransferase), which leaves the mitochon-
drion. It is excreted primarily through the urinary system. The administration of sodium
benzoate causes a strong but transient increase in anthranilic acid (involved in tryptophan
metabolism) and acetylglycine. The benzoate is one of the cinnamon metabolites [9,10].
Cinnamon contains cinnamaldehyde, which is converts to cinnamic acid in the liver and is
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then β-oxidized to benzoate (sodium salt or benzoyl-CoA). It is easily absorbed from the
gastrointestinal tract and metabolized in the liver into hypuronic acid. In this form, it is
excreted from the body with urine usually within 6 h of ingestion.

Due to its properties, sodium benzoate is used to preserve food products with an acidic
pH, such as fruit pulp and purees, jams, pickles, pickled herring and mackerel, margarine,
olives, beer, fruit yogurts, canned vegetables, and salads [11]. Most often, sodium benzoate
is added to carbonated drinks, sauces, mayonnaises, margarines, tomato paste, and fruit
preserves. In turn, in its natural form, it is present in, among other things, cinnamon,
mushrooms, cranberries, blueberries, and cloves. Therefore, sodium benzoate is classified
as a compound with a broad safety profile. It is also approved for therapeutic use in the
form of two drugs: Ammonul/Ucephan and Buphenyl [12,13]. The indications for their
use are urea cycle disorders, as well as hyperammonemia. Moreover, some studies report
that not only is sodium benzoate an excellent preservative, but it may also have potential
therapeutic uses in the treatment of diseases such as major depressive disorder (MDD),
schizophrenia, autism spectrum disorder (ASD), and neurodegenerative diseases. Officially,
sodium benzoate is regarded as not harmful—only when consumed in large amounts can
it cause allergic reactions or contribute to the exacerbation of disease symptoms in aspirin-
induced asthma (with hypersensitivity to aspirin and other non-steroidal anti-inflammatory
drugs) [14–16]. However, in recent years, some reports have provided for its adverse health
effects. Interestingly, various and often contradictory results of scientific research prove
that sodium benzoate has unfavorable or, on the contrary, beneficial effects on the body
(especially in the treatment of certain diseases) by engaging in the same mechanisms of
action. Due to the controversial and often contradictory results of reports and studies, the
aim of this study is to assess on the one hand the adverse effects of sodium benzoate and
on the other its potential use in the selected diseases related to the nervous system.

2. The Harmfulness of Sodium Benzoate

It is believed that benzoate can be transformed by decarboxylation into toxic benzene,
especially in combination with vitamin C, and then become a compound of high toxicity,
mutagenicity, and teratogenicity [17]. There are also reports that sodium benzoate has a
weak genotoxic effect. Moreover, it was shown to increase the DNA damage in human
lymphocytes in vitro. The compound did not affect the rate of replication, but it did reduce
the mitotic rate [18]. Mutagenic and genotoxic effects were also demonstrated in another
study on human lymphocytes [19]. This compound caused micronucleus formation and
chromosome breakage. In addition, the research shows that sodium benzoate generates
oxidative stress and has an adverse effect on the immune system, liver, kidneys, and fertility.

2.1. The Effect of Sodium Benzoate on the Oxidative Stress and Inflammation

Oxidative stress, but also the inflammatory process, play an important role in the path-
omechanisms of many diseases. Oxidative stress is associated with an imbalance between
the production of reactive oxygen species (ROS) and the amount of antioxidants or radical
scavengers [20]. The excess of oxygen free radicals leads to the activation of transcription
factors such as NF-κB, AP-1, and HIF-1α, as well as pro-inflammatory genes, leading in turn
to the induction of proteins, cell adhesion molecules (CAM), monocyte chemoattractant
protein (MCP-1), tumor necrosis (TNF-α), interleukin (IL) -1, and transforming growth
factor (TGF-β). ROS may also affect tyrosine kinases, including Src, Ras, phosphoinoside
3-kinase (PI3K), epidermal growth factor receptor (EGFR), mitogen-activated protein kinase
(MAPK) or p38MAPK, c-Jun-N-terminal kinase (JNK), and extracellular signal-regulated
kinases (ERK) by inducing inflammatory processes and aging mechanisms. On the other
hand, the ongoing inflammatory process leads to an increase in oxidative stress, which in
turn creates a vicious circle [21]. Moreover, according to the free radical theory of aging,
the accumulation of oxidative damage leads to the loss of cell functionality, which in turn
leads to cell death [22]. It has therefore been suggested that oxidative stress and related
inflammatory processes are related to age-related diseases. Increased levels of oxidative
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stress and inflammatory processes are observed, inter alia, in neurodegenerative diseases,
cancer, diseases of the bile ducts and kidneys, diabetes, and cardiovascular diseases [23].
The effect of sodium benzoate (6.25, 12.5, 25, 50, and 100 µg/mL) on the increasing oxidative
stress was observed in erythrocytes in an in vitro study [24]. After the treatment of cells
with benzoate, there was observed increased lipid peroxidation, as well as decreased levels
of antioxidant enzymes, such as superoxide dismutase (SOD), catalase, and glutathione
S-transferase. In another study, its effect on the induction of apoptosis was observed [25].
In addition, inhibition of antioxidant enzymes, decreased levels of glutathione (GSH),
increased levels of nitric oxide (NO), and inflammation (increased in IL-6 and TNF α) were
noted. The effects of sodium benzoate on oxidative stress have been also examined on male
rats at different doses and for different periods of time [26]. In some of the study groups,
decreased levels of GSH and malondialdehyde (MDA) were observed. Sodium benzoate
also affected sodium and potassium levels (elevation). The effect of benzoate on oxidative
stress was associated with an oxidative damage increase. This effect was confirmed in
another study [27]. Sodium benzoate was administered to rats for 30 days at different doses
(70, 200, 400, and 700 mg/kg b.w.) [28]. In this study, the dose of 70 mg/kg was found to be
safe; however, at higher doses, the compound decreased the antioxidant enzymes activity.

The effect of benzoate on B and T lymphocyte reactivity was also investigated [29].
The highest non-cytotoxic dose of the compound (1000 mg/mL), determined by the MTT
assay was chosen for the study. This dose decreased the functional activity of both classes of
lymphophytes. Additionally, sodium benzoate affected the cell cycle by stopping the cells in
the G1 phase. It also inhibited T lymphocyte proliferation against allogeneic MHC antigens
and affected cytokine levels. There was a decrease in CD8 expression for T lymphocytes
and CD19 for B lymphocytes and in the expression of activation markers such as CD95
(both classes of lymphocytes), CD28 (T lymphocytes), and CD40 (B lymphocytes). In vivo
studies showed that administrating sodium benzoate (200, 400, and 700 mg /kg b.w) to
rats for 30 days increased the level of pro-inflammatory cytokines (TNF-α, IFN-γ, IL-1β,
and IL-6) and decreased the body weight of the animals [28].

2.2. Effect of Sodium Benzoate on the Embryos

A teratogenic study on sodium benzoate was reported in a zebrafish model [30]. At
low doses (1–1000 ppm), the embryos exhibited a 100% survival rate, but higher doses
caused deformation of the larvae. Another study based on the same model also showed that
embryo survival depended on the time and dose [31]. The larvae were also characterized
by reduced locomotor activity and decreased expression of tyrosine hydroxylase and
dopamine transporter. In another study, it was reported that the effect of benzoate may
be cumulative when it affects hormones [26]. It is possible that such an effect is also noted
for other parameters. Moreover, some experiments were conducted on pregnant female
rats administered with sodium benzoate (0.5, 1, and 1.5 mg/mL) [32]. This compound had
little effect on maternal weight gain, but no toxic effects were observed. Perinatal mortality
was significantly increased in the 1% and 1.5% benzoate dose groups. However, no fetal
malformations or weight loss were observed. Benzoate also showed genotoxic effects on
liver tissue in both fetuses and mothers. In contrast, in another study, sodium benzoate
(doses 9.3 and 18.6 mmol/kg b.w.) decreased the fetal weight of rats and increased their
mortality [33]. In addition, one more study found fetal deformities after prior treatment of
pregnant females with benzoate (280 and 560 mg/kg b.w.) [34]. Among them, the following
were observed: skin hemorrhages, craniofacial deformities, limb defects, spine defects,
and neural tube defects. Developmental defects in mouse fetuses were also reported in a
study where potassium benzoate was administered (280 and 560 mg/kg b.w.) [35]. Eye
development defects, such as deformed lenses and also retinal folds with undeveloped
layers accompanying hemorrhages, were observed in these fetuses. Another study also
confirms its harmful effects on the fetus (280 and 560 mg/kk b.w.) [36]. Contrasting
results regarding the teratogenicity of benzoate were observed in chickens (5–200 mg/kg
b.w.) [37]. This compound did not adversely affect neural tube development in these
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embryos. However, its use should be limited, especially in pregnant women, due to its
potential teratogenic properties.

2.3. Effect of Sodium Benzoate on Hormone Levels

It should be noted that benzoate was shown to affect the sperm motility (1 mg/kg
b.w./day) [25]. It caused changes in the reproductive organs and affected the levels of sex
hormones. Moreover, in another study, sodium benzoate affected the male reproductive
system. The compound caused a 50% reduction in sperm count compared to the control
group, as well as increased oxidative stress [38]. Another study also reported testicular
dysfunction in rats after the administration of sodium benzoate at 100 mg/kg of body
weight for 28 days [39]. This was associated with impaired semen quality and endocrine
function of the testes and changes in their structure. In another in vivo study, the compound
(0.01 mg/kb b.w.) also affected sex hormone levels (follicle-stimulating hormone (FSH),
luteinizing hormone (LH), and free testosterone) [40]. A similar observation was related to
the decrease in FSH, LH, and testosterone levels (sodium benzoate: 280 mg/kg/day) [41].
Additionally, a decrease in thyroxine and triiodothyronine and an increase in thyrotropin
were observed. In contrast, another study reported a decrease in both thyroxine and
thyrotropin (the dose of sodium benzoate was 50–200 mg/kg/day) [42].

2.4. Effect of Sodium Benzoate on Liver and Kidney Function

The sodium benzoate in animals affected the lipid profile and liver and kidney param-
eters. Moreover, there were observed histopathological and dose-dependent changes in the
biochemical markers of liver damage (150–700 mg /kg b.w) [28,43]. It affected the histology
of the kidney and liver. In addition, it was found that sodium benzoate may rather affect the
kidneys than the liver [44]. This compound (100 mg/kg bw) was added to drinking water
for 15 weeks. Similar to the previous study, the rats showed histological changes, including
necrosis and atrophy of glomeruli and tubules, as well as increased urea and creatinine
and decreased antioxidant defense. Another in vivo study confirmed its negative effects on
the liver, as evidenced by an increase in the serum liver enzymes (alkaline phosphatase,
aspartate aminotransferase (AST)) (the doses of sodium benzoate were 30, 60, 120 mg/kg
b.w./day) [45]. In a rat model of schizophrenia, benozesan also affected liver parameters,
i.e., alanine transaminase and AST increased and total protein and albumin decreased [40].
Furthermore, the toxic effects of benzoate (sodium benzoate administered 2.40% (for rats)
and 3.00% (for mice) of sodium benzoate) on the liver were observed in F344 rats and
B6C3F1 mice [46]. In the test animals, changes in the liver parameters, i.e., albumin, total
protein, γ-glutamyltranspeptidase, and elevated serum phospholipids and cholesterol were
observed. Sodium benzoate also caused an increase in the absolute liver weight in both
animal species and in the absolute kidney weight of the rats. As in the previous studies,
histological changes were observed. Negative effects on the liver and kidney were also
confirmed in other experiments [47–49].

2.5. Sodium Benzoate and Children’s Hyperactivity

Attention-deficit hyperactivity disorder (ADHD) is mainly associated with symp-
toms of hyperactivity, inattention, and impulsivity [50]. Beverages containing benzoate
preservatives in their composition were given (45 mg/day) to 3-year-old children, who
then experienced an increase in hyperactivity [51]. These behaviors were reduced after
the withdrawal. Another study showed a similar effect of sodium benzoate in 8-, 9-, and
3-year-old children [52]. Furthermore, a survey was conducted among college students that
examined the association between the consumption of sodium benzoate-rich beverages
and symptoms associated with ADHD [53]. Thus, it was shown that the consumption of
such beverages was associated with a higher prevalence of symptoms of ADHD. However,
it should be noted that due to the nature of this study (i.e., a survey), the feelings of the
respondents were subjective.
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The association of sodium benzoate with ADHD symptoms may be supported by
the reports regarding its effects on the HPA axis [26]. In some subtypes of disease, there
is hyperactivity of this axis [54,55]. In addition, it has been mentioned previously that
benzoate consumption may be associated with increased allergy tendencies [56]. This is
another feature that links sodium benzoate to ADHD. Allergy prevalence is shown to
be associated with the occurrence of this [57,58]. In some studies, sodium benzoate was
adversely affected by oxidative stress and inflammation, as described above. It is therefore
highly probable that the consumption of benzoate-rich beverages is associated with the
occurrence of ADHD. In such patients, antioxidant defense is impaired, and inflammatory
parameters are increased [59,60]. They also develop a decrease in cholesterol in the LDL
fraction [61]. As mentioned above, sodium benzoate lowers the cholesterol [62], and such a
property might also exacerbate the ADHD symptoms. Furthermore, it was shown that the
cerebellar dysfunction may play an important role in the pathogenesis of ADHD [63]. It is
noteworthy that sodium benzoate decreased the volume of the hemispheres, cortex, and
intracerebral nuclei and the number of cells in the cortex in rats [64]. In ADHD patients,
sodium benzoate may have some harmful effects. Consumption of benzoate-rich products
should also be avoided among these patients.

2.6. Sodium Benzoate—Irritating Effect on the Gastric Mucosa

The effect of benzoate (oral provocation with 20 mg of sodium benzoate) on gastric
mucosa was studied in a clinical trial [65]. It was shown that it increased the release of
allergic mediators, i.e., histamine and prostaglandins, from the mucosa compared to the
control group. The same study suggested that benzoate-related allergic reactions may be
mediated by prostacyclins and histamine.

2.7. Sodium Benzoate with Vitamin C

Although there are no studies that clearly confirm the harmfulness of these additives, it
has been proven that when used as a preservative, sodium benzoate can react with vitamin
C and thus form carcinogenic benzene [17]. In practice, this combination is often used in
colorful, sweetened drinks. In many studies, elevated levels of benzene were reported
in carbonated beverages, fruit juices, and other products where benzoate was present in
combination with vitamin C [66–69]. It has been shown that the hydroxyl radical, formed
by the metal-catalyzed reduction in O2 and H2O2 by ascorbic acid, can attack benzoic acid
to form benzene [70]. However, it is worth noting that heat and light can increase the rate
of benzene formation [71]. In one in vivo study, ascorobic acid exacerbated the deleterious
effects of sodium benzoate on fertility [39]. Among other things, it potentiated damage to
testicular tissue structure and deterioration of semen quality induced by benzoate.

2.8. Effects of Sodium Benzoate on Memory and Anxiety Processes

Wistar (healthy) rats received sodium benzoate in different concentrations in water
(from 0.5–2%) [72]. This compound was shown to increase anxiety-like, depressive, and
antisocial behaviors. Similar results were observed in another study where rats were
given benzoate at a dose of 200 mg/kg/day [73]. Animals treated with these compounds
experienced an increase in anxiety-like behaviors and impaired motor skills. The researchers
suggest that this may be related to decreased levels of glycine in the body (it is consumed
as a result of benzoate detoxification) and disruption of processes affected by this amino
acid or disruption of zinc levels.

In another study performed on rats treated with sodium benzoate, an increase in
body weight and food intake and a decrease in memory scores and anxiogenic effects were
reported [74]. In addition, an increase in brain MDA, acetylcholinesterase (AChE), and
caspase 3 and a decrease in TNF-α and IL-10 were observed. There was also an increase in
SOD levels at 125 mg/kg and 250 mg/kg and a decrease in SOD at 500 mg/kg. Thus, it has
been shown that benzoate enhances inflammatory response and has proapoptotic effects.
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Sodium benzoate was also tested in a zebrafish (larva) model [75]. The compound-
induced developmental defects in them and also contributed to increased oxidative stress
and the development of anxiety-like behaviors. The developmental defects that were
most commonly observed were yolk sac edema, pericardial edema, and tail-bending.
In addition, it should be noted that larval mortality was observed even at lower than
acceptable concentrations (<1000 ppm).

In another study, sodium benzoate (0.56, 1.125, and 2.25 mg/mL) was administered
to healthy mice in different concentrations for 4 weeks [76]. It was shown that in healthy
animals, benzoate induced impaired memory and motor coordination compared to the
control group. Benzoate decreased GSH levels and increased MDA levels in the brain. The
compound did not affect acetylcholinesterase (AChE) levels.

3. Beneficial Properties of Sodium Benzoate

As described above, many studies show that sodium benzoate, especially when taken
in high doses, can pose a health risk through various action mechanisms. However, other
studies indicate that this substance, through the same or similar mechanisms of action, has
beneficial properties and may, in the future, be used in the development of therapeutic
strategies for certain diseases.

3.1. Effects of Sodium Benzoate on Oxidative Stress and Inflammation

Since oxidative stress and inflammatory process accompanies many disease entities,
antioxidant and anti-inflammatory activity is a desired activity for new drugs [77]. It
is essential that such compounds act on specific antioxidant mechanisms present in a
given disease entity. Thus, to achieve optimal therapeutic effects, it is necessary to find a
compound that acts on several oxidative stress-related mechanisms present in a disease. The
mechanisms of action of sodium benzoate are described below, as well as its implications
in the treatment of selected disease entities.

Inflammatory responses of microglia and astroglia have been observed in various
disease entities related to the nervous system. In lipopolysaccharide (LPS)-stimulated mi-
croglia cells, benzoate (>100–500 µm) suppresses NO production and decreases inducible
nitric oxide synthase (iNOS) expression by inhibiting NFκB activation [78]. Furthermore, it
inhibits the production and decreases the expression of TNF- α and IL-1 β. LPS increases
the expression of MHC class II and B7-1 and B7-2 stimulatory molecules, and sodium
benzoate counteracts these effects by suppressing their expression. In addition, the com-
pound decreases CD11b expression (overexpression is associated with increased microglia
activation) in microglia cells. It also inhibits LPS-induced activation of p21ras. It also affects
astroglia cells, namely by decreasing the expression of iNOS but also by inhibiting the
increased expression of glial fibrillary acidic protein (GFAP). The researchers suggest that
the reduction in mevalonate pathway intermediates is likely responsible for the observed
anti-inflammatory effects. Moreover, the compound reduces in vivo cholesterol levels in
mice by 28% after 7 days of therapy. In another study, similar results were obtained, i.e.,
reduction in the proinflammatory cytokines TNFα and IL-6, as well as in cholesterol levels
(sodium benzoate doses: 250, 500 mg/kg b.w.) [62].

Anti-inflammatory and antioxidant effects were also reported in a rat model of ulcera-
tive colitis [79]. It (doses: 400 nad 800 mg/kg b.w.) decreased myeloperoxidase levels and
increased GSH levels. In addition, it reduced bleeding, local edema, and tissue necrosis
induced by acetic acid infusion. In a rat model of intracerebral hemorrhage, sodium ben-
zoate (100 and 200 mg/kg b.w.) was effective in alleviating neurological deficits (improved
long-term memory and spatial learning), maintaining the integrity of the blood-brain bar-
rier (BBB), and reducing brain edema [80]. It also alleviated oxidative stress, as well as
mitochondrial damage. In addition, it increased DJ-1 levels in mitochondria and exerted
anti-apoptotic effects by increasing BCl-2 and decreasing Bax and caspase-3 and -9. It exerts
these effects by participating in the DJ-1/Akt/IKK/NFκB pathway.
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Furthermore, sodium benzoate affects the immune response by suppressing Th1-
type responses and shifts the immune balance towards Th2 [56]. In the same study, the
suppression of Th1 responses was found to occur through the inhibition of neopterin
production and tryptophan degradation. The researchers suggest that the effects induced
by benzoate may be beneficial to health in the context of inflammation while noting that, on
the other hand, benzoate may promote allergies and reduce the effectiveness of the immune
system in fighting pathogens. Neopterin is considered a marker of the immune response but
is also thought to be produced by mycoglobin under stressful conditions [81]. Inhibition of
its production may be a beneficial desirable effect in the treatment of inflammatory diseases.

Moreover, sodium benzoate is an inhibitor of amino acid oxidase (D-AAO). An in vivo
study reported that this property may be responsible for its cytoprotective (renoprotective)
effects [82]. In PC12 cells exposed to aluminum maltolate, benzoate was tested for its effect
on cell survival [83]. This compound increased their survival and catalase levels but did
not affect the levels of ROS and GSH. However, benzoate at higher concentrations showed
cytotoxic effects. The cytotoxic effect was also observed in cancer cells. Sodium benzoate
has also been shown to induce apoptosis and affect NFκB in these cells [84]. It should
be emphasized that this compound inhibited colon cancer cell proliferation much more
strongly than fibroblast cell proliferation.

3.2. Sodium Benzoate in Major Depressive Disorder and Anxiety
3.2.1. Pathogenesis of Major Depressive Disorder

Major depressive disorder (MDD) is considered a civilization disease of the 21st
century. It is believed that 280 million people suffer from MDD worldwide, and this
number is still increasing yearly [85]. Despite the treatment, MDD often leads to suicide or
the development of drug-resistant depression. MDD is a heterogeneous disorder; therefore,
no single cause for its occurrence and progression has been found so far [86]. An important
aspect of MDD is its low remission rate (complete remission only in about 50%) [87]. It
is a disease associated with mood disorders and more specifically with mood decline.
People with MDD also experience anhedonia, anxiety, sleep and appetite disturbances,
feelings of worthlessness, and many other symptoms that are associated with long-term
mood depression.

Hypotheses regarding the progression and formation of MDD are many. Some re-
searchers have indicated a link between the NMDA receptor and MDD [88]. This receptor
is a glutamate receptor, and any disruption in its balance can cause neurological or neu-
ropsychiatric disease. Its function decreases with age, and this can be observed in learning
and memory disorders. Antagonists of this receptor, e.g., ketamine, cause anti-depressive
effects. For this reason, the compounds that modulate the NMDAR receptor function are
being searched for. D-serine belongs to the co-agonists of this receptor. However, it has
been shown that its long-term supplementation in transgenic mice can improve mood dis-
orders [89]. Therefore, it seems reasonable to increase its concentration and, consequently,
to inhibit its degradation by D-AAO by using inhibitors of this enzyme. It is commonly
believed that in the course of MDD, the dopaminergic system is dysregulated, resulting
in decreased dopamine levels, which in turn are responsible for some of the anhedonic
behaviors [90].

3.2.2. Animal Models Studies

Sodium benzoate injection has been shown to increase dopamine levels in the frontal
cortex in rats [91]. Researchers suggest that the effect of sodium benzoate on cortical
dopamine is due to local inhibition of D-AAO, resulting in decreased degradation of D-
serine. Increased levels of this amino acid would act on the NMDA receptor, consequently
stimulating dopamine neurons and dopamine release. Sodium benzoate (400 mg/kg and
800 mg/kg) was also tested in a rat model of MDD induced by chronic stress [92]. An
improvement was observed in a sucrose preference test and a forced swim test. Moreover,
sodium benzoate increased the levels of brain-derived neurotrophic factor (BDNF) and
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protein kinase A. The researchers suggest that this compound may alleviate the symptoms
of MDD.

3.2.3. Human Studies

In one case report, a patient with MDD was receiving only sodium benzoate
(500 mg/day) [93]. He demonstrated an increase in thalamus, amygdala, and brainstem
volume. This compound acted by inhibiting D-AAO, thus increasing D-amino acids. The
symptoms decreased after just 2 weeks of administering benzoate, with partial remission
occurring after 6 weeks. The researchers suggest that in addition to inhibiting D-AAO,
this compound may prevent excitotoxicity-induced death and increase neuronal plasticity.
It should be noted that the patient alone did not observe any side effects. Another simi-
lar case report also reported improvement in depressive symptoms after treatment with
sodium benzoate (500 mg/day) [94]. In another case report, a patient who suffered from
panic attacks received sodium benzoate for 6 weeks [95]. She suffered additionally from
Parkinson’s disease (PD). This patient was shown to improve after taking this compound
in the absence of side effects. The researchers suggest that this improvement may be due to
an increase in D-serine levels due to the fact that benzoate belongs to the D-AAO inhibitors.

3.2.4. Effects of Sodium Benzoate

Sodium benzoate was shown to reduce homocysteine levels in an animal [96]. High
homocysteine levels are thought to be associated with the etiopathogenesis of MDD and
anxiety [97,98]. Therefore, reducing its levels should contribute to reducing the symptoms
associated with these diseases. However, homocysteine levels have not been measured in
any case report or animal model of MDD or anxiety. In addition, sodium benzoate has been
shown to have anti-inflammatory effects through its effect on the NFκB factor [78]. Its use in
MDD therapy may be related to its cytokine theory, according to which there is an increase
in pro-inflammatory cytokines but also activation of NFκB [99–101]. In addition, as previ-
ously mentioned, this compound inhibits tryptophan degradation and decreases neopterin
production [56] and transiently increases anthranilic acid levels [8]. Increased tryptophan
levels have been shown to be associated with decreased depressive symptoms [102,103],
and anthranilic acid has also been shown to play an important role in the treatment of
MDD [104,105]. In addition, high neopterin levels have been associated with the number
of MDD episodes and also correlate with neuropsychiatric abnormalities [106,107].

Sodium benzoate was tested on mouse adipocyte cultures after LPS stimulation [108].
Under the influence of LPS, there was a decrease in leptin levels and an increase in IL-6
levels. Benzoate caused an even greater decrease in leptin levels in stimulated adipocytes,
but did not affect IL-6 levels. Interestingly, low leptin levels were noted in women after a
recent suicide attempt, which also suggests a link between the hormone itself and increased
anxiety and overactivity of the hypothalamic–Pituitary–Adrenal (HPA) axis [109,110]. This
link is confirmed by in vivo studies in rats in which elevated corticosterone levels were
reported after benzoate administration [26]. Benzoate at a dose of 50 mg/kg b.w. did
not affect these levels after one week, but after three weeks, elevated levels were already
observed. Moreover, in higher concentrations, this compound already affected these levels
after a week. Elevated corticosterone levels are closely related to the HPA axis. It should
be noted that the effects of this compound on the human body may be cumulative due
to the fact that the duration of exposure and its dose played a significant role in terms of
hormone levels.

Ciliary neurotrophic factor (CNTF) is a neuronal survival factor [111]. Sodium ben-
zoate was shown to increase its expression [112]. However, the correlation between CNTF
and depressive and anxiety behaviors is quite unclear. Mice lacking this factor demon-
strated behaviors similar to anxiety and depression [113]. In contrast, patients with MDD
had elevated levels of CNTF compared to controls [114]. Other researchers suggest that
in women, the inhibition of CNTF by progesterone reduces depressive symptoms, while
in men, this factor has an antidepressant effect [115]. Perhaps this ambiguous effect of



Nutrients 2022, 14, 1497 9 of 25

benzoate on depression may be related to sex hormones, due to the fact that benzoate
affects the levels of both male and female sex hormones [40,116]. However, more research
should be done in this direction because it is a compound with a high safety profile, and
perhaps for some patients who poorly tolerate standard anti-anxiety or antidepressant
therapy, it may be that sodium benzoate therapy can reduce such symptoms.

3.3. Sodium Benzoate in Schizophrenia
3.3.1. Pathogenesis of Schizophrenia

Schizophrenia is one of the most severe mental diseases [117,118]. The first descrip-
tions systematizing schizophrenia come from 1893. The symptoms of this disease can
be divided into positive symptoms, negative symptoms, and cognitive disorders. Nega-
tive symptoms may include loss of function, anhedonia, decreased emotional expression,
impaired concentration, and diminished social engagement [119]. As for positive symp-
toms, conceptual disorganization, delusions, and hallucinations are included. Negative
symptoms predominate in one third of patients with this disease and are associated with
poorer patient prognosis and response to treatment. The treatment of positive and nega-
tive symptoms includes drugs that affect dopaminergic, serotonergic, noradrenergic, and
glutamatergic transmission [120,121]. Cognitive impairment is independent of the pres-
ence of positive and negative disorders in schizophrenia [122]. For example, there may
be a decline in working memory, learning speed, reasoning, or problem solving. There
are various hypotheses for the onset of schizophrenia [123]. These include the dopamine
hypothesis, serotoninergic hypothesis, GABAergic (gamma-Aminobutyric acid) hypothesis,
and glutaminergic hypothesis. Furthermore, it is believed that the pathophysiology of
schizophrenia may involve the immune response and oxidative stress.

An important fact for many psychiatric disorders is that sodium benzoate belongs to
D-AAO inhibitors [124]. This enzyme degrades D-amino acids in the process of oxidative
deamination, among them D-serine and D-glycine, i.e., co-agonists of the NMDA receptor
(antagonists such as phencyclidine (PCP) or ketamine exacerbate schizophrenia). According
to one hypothesis, a decrease in the function of this receptor contributes to the development
of schizophrenia. Furthermore, the expression and activity of this enzyme is elevated in
patients with this disease [125]. It has been shown that benzoate changes the conformation
of this enzyme to resemble a holoenzyme. Binding of the compound to D-AAO protects it
from trypsinolysis and high temperatures. The effect of benzoate on the changes induced
in this enzyme may be important for designing drugs for schizophrenia that affect D-
AAO [126].

3.3.2. Effects of Sodium Benzoate

Sodium benzoate, by inhibiting D-AAO, also increases the level of synaptic D-serine,
which is a co-agonist of the NMDA receptor [127]. This causes an increase in the receptor
excitability, which in turn is associated with the normalization of the receptor function
(Figure 1). The reduced levels of D-serine are often associated with schizophrenia and bind
more strongly to the NMDA receptor than D-glycine does [128]. As previously mentioned,
sodium benzoate exerts an effect to increase d-glycine levels, and this amino acid is thought
to be involved in the development of schizophrenia [129]. It was observed to have increased
serum levels in patients with this disease. However, many researchers consider that by
increasing its levels, symptoms of schizophrenia can be reduced. The above factors would
suggest that benzoate could find potential use as a drug for schizophrenia because it
increases the levels of two major NMDA receptor co-agonists.
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Notably, the injection of sodium benzoate into rats increased extracellular dopamine
in the frontal cortex [91]. The researchers suggest that it might be necessary to further
investigate the mechanism of action of D-AAO inhibitors. Increased levels of dopamine
in patients with schizophrenia contribute to the positive symptoms of the disease, and
excessively low levels contribute to the negative symptoms. The action of inhibitors of this
enzyme may also have a markedly different effect on the dopaminergic system than the
drugs used for this disease, which act on dopamine receptors.

3.3.3. Animal Models Studies

One animal model of schizophrenia uses PCP [130]. After its administration, the ani-
mals show hyperlocomotion (positive symptom index), deficits in social behavior in a social
interaction test, and increased immobility in a forced swim test (negative symptom index),
as well as deficits in sensorimotor gating and cognitive dysfunction in learning and memory
tests. In this model of schizophrenia, sodium benzoate had antipsychotic effects [131]. A
single dose (100, 300 lub 1000 mg/kg) of the compound alleviated pre-impulse deficits
and hyperlocomotion in the animals. However, it is significant that a single dose of the
compound did not affect D-serine levels in the plasma, frontal cortex, hippocampus, and
striatum in mice. One limitation of this study is that D-serine levels were not measured
in the cerebellum, wherein D-AAO levels are high, and only the effects of a single dose of
benzoate were analyzed. In another study based on the same schizophrenia model, mice
pretreated with benzoate (400 mg/kg) and D-serine demonstrated inhibition of locomotor
activity after PCP treatment [132]. Interestingly, the administration of sodium benzoate
did not increase the plasma and brain D-serine levels compared to the administration
of D-serine alone. This compound decreased plasma L-serine levels without affecting
brain L-serine levels. Sodium benzoate showed additive behavioral effects with D-serine.
However, the researchers suggest that the mechanism of the beneficial effects of benzoate
is not related to the inhibition of D-AAO but to its effects on the metabolism of small
amino acids, such as L-serine and L-glycine. This mechanism is likely due to the fact that
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elevated levels of L-serine in patients with schizophrenia are usually observed [133]. The
decrease in this level could be considered a response to benzoate treatment. The animal
model of ketamine-induced schizophrenia includes positive symptoms but also negative
symptoms, as well as cognitive symptoms [134,135]. In this rat model of ketamine-induced
schizophrenia, sodium benzoate was compared with olanzepine [40]. A dose of benzoate
0.01 mg/kg for 10 weeks induced a slight increase in body weight and organ weights
in rodents. This study also reported the effects of benzoate on liver parameters and sex
hormone levels. Importantly, sodium benzoate had a beneficial effect on cognitive function,
learning, memory, and spatial function.

3.3.4. Human Studies

A clinical trial tested sodium benzoate as an adjunctive treatment for patients with
schizophrenia who received sarcosine [136]. Sarcosine (an inhibitor of the glycine trans-
porter) did not cause improvement in these patients. However, the combination of this
compound with benzoate improved cognitive abilities in these patients. Benzoate as an
additive was administered at a dose of 1 g/day for 12 weeks. Both compounds were well
tolerated. It should be noted that these patients had previously received various therapies
unsuccessfully. In addition, sodium benzoate (1000 mg/day) was administered as adjunc-
tive therapy in patients with chronic schizophrenia who were receiving standard therapy
for this disease [137]. It was shown that it could be effective as an adjunctive therapy in
these patients. On the Positive and Negative Syndrome Scale (PANSS), the patients taking
benzoate showed an improvement of up to 21% in total score. Their clinical symptoms
decreased, and there was an improvement in neurocognition. They also had improved
their processing speed and pattern memory. Again, the compound was well tolerated.

In another clinical study, sodium benzoate was administered to patients together
with clozapine [138]. The results were consistent with the previously described study, i.e.,
patients showed improvement in the negative symptom scale but also in the PANSS. In
addition, the compound was well tolerated in this study. It was tested in two doses i.e., 1 g
and 2 g daily. The higher dose showed more beneficial effects in schizophrenic patients.

Similar to MDD, schizophrenia patients also have elevated homocysteine levels [139].
As previously mentioned, sodium benzoate decreases its levels [96], which may be one
of the mechanisms for the beneficial effects of benzoate in this disease. Moreover, the
compound contributes to the inhibition of NFκB activation, as previously mentioned [78].
Up-regulation of the NFκB signaling pathway has been observed in schizophrenia pa-
tients [140,141]. In addition, oxidative stress and excessive microglial activation are in-
creased in this disease [142]. Thus, the beneficial effects of benzoate in schizophrenia are
due in part to its ability to reduce oxidative stress and inhibit microglia activation [78,80].

Furthermore, low levels of tryptophan are reported in patients with schizophrenia [143,144].
Researchers suggest that the deficiency of this amino acid causes cognitive changes and
also affects the integrity of the white matter in these patients. Moreover, high levels of
neopterin are also noted in these patients [145]. As previously mentioned, sodium benzoate
inhibits tryptophan degradation, resulting in increased tryptophan levels, and also inhibits
neopterin production [56]. Thus, this may represent another mechanism by which this
compound exhibits therapeutic effects in patients with schizophrenia.

In one study, sodium benzoate (1000 mg/day) showed no effect. It was tested as an
adjunctive treatment for early psychosis [146]. The study on 100 participants reported no
effect on the development of psychosis. Researchers consider that the lack of evidence for
the compound’s effectiveness may be dictated by the fact that in other studies, patients
developed long-term schizophrenia, or it was drug-resistant.

3.4. Sodium Benzoate in Neurodegenerative Diseases
3.4.1. Pathogenesis of Neurodegenerative Diseases

Neurodegenerative diseases can include Alzheimer’s Disease (AD), PD, and multiple
sclerosis (MS) [147–150]. These diseases usually lead to the degeneration of the nervous
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system by different mechanisms depending on the disease. For example, in AD there is an
accumulation of tau protein and β-amyloid (βA) in the brain and acetylcholine (Ach) defi-
ciency. Deposition of pathological proteins, decreased Ach levels, and increased oxidative
stress and inflammatory response promote cognitive decline. AD is the most common type
of dementia. These processes eventually lead to neuronal death. The disease progresses
very rapidly. It is diagnosed only symptomatically, and its peak incidence is at age 65. The
second most common disease after AD is PD [151,152]. It is caused by the degeneration
of the dopaminergic system. Loss of dopaminergic neurons occurs mainly in the nigra
pars compacta. In addition, α-synuclein aggregation occurs in this disease. Symptoms
of PD include bradykinesia, resting tremor, and rigidity. The cause of MS is dysfunction
of the immune system [153,154]. It is autoimmune in nature due to the autoantibodies
present in patients with this disease. In addition, features of MS include demyelination,
gliosis, and neuronal loss. The initial cause of MS is thought to be inflammation of white
and gray matter tissues caused by the focal infiltration of cytokines, as well as immune
cells. However, despite the slightly different causes of the neurodegenerative disorders,
these diseases have many common features. These include oxidative stress, inflammatory
response, and apoptosis. Microglia are also frequently activated.

3.4.2. Effects of Sodium Benzoate in Neurodegenerative Diseases

Sodium benzoate does not only attenuate LPS-mediated microglia iNOS expression, as
previously mentioned, but it also attenuates it after induction by other neurotoxins, such as
βA (AD-related), MPP + (PD-related), and IL-12 p40 2 (MS-related) (Figure 2) [78]. Factors
such as BDNF and neurotrophin-3 (NT-3) have protective functions for neurons and play
an important role in alleviating neuronal loss in neurodegeneration [155]. Sodium benzoate
increased the expression of BDNF and NT-3 in an in vitro study (cell culture), as well as
in vivo in mouse brain cells. Researchers assume that this compound acts on these factors
through the PKA CREB pathway. It is also significant that the compound easily penetrates
the BBB.
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Additionally, benzoate inhibited ROS production in microglia cells induced by MPP+
(toxin in PD), LPS, and Aβ1-42 (AD etiological factor) [96]. This mechanism probably
occurs through p21rac inhibition, which was also confirmed in vivo (5XFAD Tg mice).
The compound also reduced oxidative stress and gliosis in the hippocampus in animals.
Moreover, the compound inhibited neurodegeneration in a mouse model of AD and
reduced tau protein phosphorylation and βA levels. In addition, it affected learning and
memory in mice. Moreover, depletion of the intermediates of the mevalonate pathway
was shown to be responsible for the antioxidant effects of benzoate, as speculated in a
previously mentioned study [78]. A reduction in homocysteine levels after sodium benzoate
administration was reported in animals, as well [96]. The lowering of homocysteine levels
by benzoate may be a beneficial feature for the treatment of other neurodegenerative
diseases, as well, due to the fact that hyperhomocysteinemia is an independent risk factor
for their occurrence [156,157].

In another study, sodium benzoate stimulated the expression of molecules associated
with neuronal plasticity in mouse hippocampi, and it also improved the synaptic maturation
of neurons in an in vitro study [158]. In cell cultures, the compound affected the calcium
current of neurons, leading to enhanced cell membrane depolarization and, consequently,
enhanced synaptic activity of neurons. What is more, the effect of benzoate on the PKA-
CREB pathway was confirmed. Furthermore, it improved spatial learning and memory in
poorly learning mice without affecting locomotor activity

It should be noted that CNTF administration is one of the therapeutic options for neu-
rodegenerative diseases [111,159,160]. It is very likely that the beneficial effects of sodium
benzoate in neurodegenerative diseases may be due to its effect on the up-regulation of
CNTF expression and levels. In addition, it has an effect on inhibiting NFκB activation, as
mentioned previously [78]. Moreover, this factor is a therapeutic target for neurodegenera-
tive diseases [161]. Furthermore, benzoate inhibits the expression of p21 proteins [78,96].
They play a role in disorders such as Huntington’s Disease (HD) [162] and amyotrophic
lateral sclerosis (ALS) [163]. As given above, sodium benzoate inhibits neopterin produc-
tion [56]. Elevated levels of neopterin have been reported in AD patients and correlated
with cognitive decline [164]. Increased neopterin levels were observed in PD [165] but
also in HD [166]. It is probable that sodium benzoate may owe its beneficial effects on
neurodegenerative diseases in part to its anti-inflammatory effect, as well as its action in
inhibiting microglia activation through neopterin. Due to the above-described properties of
sodium benzoate, more studies should be conducted on other neurodegenerative diseases.

3.4.3. Effects of Sodium Benzoate on Alzheimer’s Disease

Sodium benzoate (250–1500 mg/day) was tested on patients with mild cognitive
impairment, as well [167]. By assessing regional homogeneity (ReHo), how it affects brain
activity, and more specifically local functional connectivity (FC), was examined. In the
sodium benzoate-treated group, a positive correlation was noted between the change in
non-verbal (spatial) working memory and ReHo in the right precentral gyrus and right
middle occipital gyrus. In addition, in this group, a positive correlation was observed
between memory and verbal learning and ReHo in the left precuneus.

In another clinical trial, benzoate (250–750 mg/day) was administered for 24 weeks
to patients with mild AD and mild amnestic cognitive impairment [168]. This compound
acted beneficially in improving cognitive function, as well as the patients’ general condition.
The researchers attributed these changes to NMDA receptor stimulation. Benzoate was
generally well tolerated. There were no changes in routine blood morphology, as well as
biochemical tests from baseline assessment. Of relevance, sodium benzoate also inhibits
tryptophan degradation [56]; tryptophan is reduced in AD patients, and low levels of
tryptophan are responsible for cognitive dysfunction [169].

Moreover, benzoate has been shown to have beneficial effects in patients with behav-
ioral and psychological symptoms of dementia [116,170,171]. Benzoate was administered
at a dose of 250–1500 mg/day for 6 weeks. However, in this study, there was no elevation
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of D and L-amino acids after this therapy. In addition, catalase levels in the benzoate group
showed an increasing trend but not significantly. On the other hand, cognitive function
was shown to improve after benzoate treatment, which was correlated with decrease in
D-AOO, female gender, younger age, higher BMI, and the patient’s baseline clinical status
and their use of antipsychotics. There was also an increased ratio of estradiol to FSH in
women, which may be related to modulation of the NMDA receptor by sex hormones after
benzoate treatment.

3.4.4. Effects of Sodium Benzoate in Parkinson’s Disease

Furthermore, some studies have undertaken evaluation of the therapeutic properties
of benzoate in PD. Mutations in the DJ-1 protein are presumed to be associated with
the pathogenesis and occurrence of PD [172]. It was mentioned previously that sodium
benzoate in a mouse model of intracerebral hemorrhage had a beneficial effect on DJ-
1 levels [80]. In another study, it increased the levels of this protein by modulating the
mevalonate pathway in primary mouse and human astocytes, as well as in human neuronal
cells [173]. Additionally, the compound increased the expression of other PD-related genes,
such as Parkin, PINK1, LRRK2 and HtrA2, while suppressing the expression of α-synuclein.
The researchers suggest that this compound could alleviate nigrostriatal damage in PD.
In an animal model of PD (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse
model), sodium benzoate was also shown to affect levels of glial cell-derived neurotrophic
factor (GDNF) [174]. It stimulated the increase in GDNF expression in mouse and human
astocytes via CREB, but in vivo also had a beneficial effect on the levels of this factor in the
substantia nigra pars compacta (SNpc). Thus, the compound improved locomotor activity
in mice and also had a neuroprotective effect restoring the innervation of the striatum. It
should be noted that the mouse model of MPTP PD has limitations [175]. One is that it
is the effects of acute/post-acute administration of MPTP are spontaneously reversible
over time. However, it is a good model for screening and also for studying the mechanism
of action of the substance. In another study, sodium benzoate was shown to stimulate
dopamine production by dopaminergic neurons by affecting the expression and protein
levels of tyrosine hydroxylase [176]. As previously mentioned, locomotor improvement
occurred in the animals. Disturbed trypofan metabolism is also observed in PD [165].
In these patients, there is an increased degradation of it. As mentioned above, sodium
benzoate has a beneficial effect by inhibiting its degradation [56].

3.4.5. Effects of Sodium Benzoate on Multiple Sclerosis

Shifting the balance of Th1 to Th2 is one of the therapeutic strategies in MS [177],
and it was previously mentioned that sodium benzoate acted on both populations of
these lymphophytes [56]. This was also confirmed by in vitro studies on peripheral blood
mononuclear cells (PBMCs) in MS patients [178]. Mice with experimental allergic en-
cephalomyelitis (EAE), a model in MS, were treated with sodium benzoate (2.5–10 mg/mL,
and also, the mice drank water containing sodium benzoate-5 mg/mL) [179]. This com-
pound inhibited the symptoms of the disease in both the acute and chronic phase. In
addition, it reduced inflammation, thereby decreasing inflammatory infiltration, and it
reduced demyelination and slowed disease progression. Furthermore, benzoate stimulated
the production of Th2 cytokines, such as IL-4 and IL-10, while inhibiting the production of
the Th1 cytokine viz: INF-γ and also increased Treg abundance. Cinnamon was tested in a
mouse model of EAE, where it was shown to inhibit the disease process of EAE and reduce
clinical symptoms [180]. It also had immunomodulatory effects (attenuated inflammatory
infiltration and inflammation, inhibited the expression of pro-inflammatory molecules
iNOS and IL1β, and affected Treg and Th17 populations), beneficial effects on BBB and
blood–spinal cord barrier integrity, and inhibited demyelination. It also shifted the Th1 to
Th2 balance. Perhaps cinnamon powder exerted this beneficial effect through its metabolite
sodium benzoate. The important point is that the EAE model is considered a good model
of MS because the model animals exhibit many mechanisms common to the course of
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MS [181]. This model mimics relapsing–remitting MS. One of the few differences is that
the disease in these animals is induced artificially. CNTF induces neuronal survival and
differentiation. It has neuroprotective, promyelinating, anti-apoptotic properties [111,182].
It has beneficial effects in neurodegenerative diseases. In MS, the level of CNTF decreases.
The administration of sodium benzoate increased CNTF expression in astocytes and oligo-
dendrocytes and also in vivo in the brain of EAE animals [112]. Thus, it was shown that
benzoate may have beneficial effects in the treatment of MS due to its myelinogenic effects.
Moreover, it was shown that benzoate requires protein kinase A to activate CREB and
increase CNTF expression. Dysfunction and levels of Treg play a role in the pathogenesis
and progression of MS [183]. Affecting this population may be one of the therapeutic
strategies for MS. Importantly, benzoate affects this lymphocyte population by increasing
TNF-β levels [184].

3.5. Sodium Benzoate in Pain Relief

Pain is a sign of a disorder [185]. According to some researchers, it should be consid-
ered a disease entity. There are two main types of pain: acute pain and chronic pain. The
analgesic properties of sodium benzoate may be due to the fact that it belongs to D-AAO
inhibitors [186]. It was shown that these inhibitors may be crucial in the treatment of
chronic pain such as pain associated with bone cancer, but also neuropathic pain.

Sodium benzoate (400 mg/kg b.w.) is proved to relieve the pain in especially those
associated with chronic pain [187]. It did not exhibit an effect in the acute phase of pain in
an in vivo study in mice. Intraperitoneal as well as systemic administration of benzoate
(400 mg/kg b.w.) to rats had analgesic effects in these animals [188]. Sodium benzoate
reduced mechanical allodynia in rats with neuropathy and formalin-induced hyperalgesia.
As before, no effect of the compound on acute pain was demonstrated. This effect was also
confirmed in another study where benzoate prevented formalin-induced tonic pain in an
in vivo model, yet had no effect on acute pain [189]. It also had a beneficial effect alleviating
hypersensitivity to pain caused by sleep deprivation [190]. This effect was dose-dependent,
and the maximum effect was observed 60 min after administration to rats.On the other hand,
benzoic acid derivatives showed analgesic effects. These derivatives are believed to act as
antagonists of prostaglandin E2 receptor subtype 4 [191]. Moreover, they acted specifically
on adrenergic but also dopaminergic and GABAergic transmission [192]. Depressive
disorders are very often associated with pain, as confirmed by many studies [193–195].
Chronic pain is usually related to an associated disease such as cancer. Severe pain makes
it necessary for patients to take opiates, which cause numerous side effects. Since sodium
benzoate has a high safety profile, it may be an alternative therapy for patients with chronic
pain. However, it still requires research in this direction.

3.6. Sodium Benzoate in Autism Spectrum Disorder
3.6.1. Pathogenesis of Autism Spectrum Disorder

ASD is a neurodevelopmental disorder likely due to early brain changes and neu-
ronal reorganization [196,197]. Patients suffering from ASD vary from person to person.
However, this term describes patients with a specific combination of disorders. These
include impairments in social communication, repetitive sensory-motor behaviors, among
others. There is a theory that patients with ASD have a disturbance in the immune sys-
tem [198,199]. Moreover, such patients have NMDA receptor antibodies and other au-
toantibodies. Additionally, excessive activation of microglia and increased expression of
CD95 on monocytes are observed in them. Increased pro-salivary cytokines and increased
markers of T-lymphocyte activation are reported. In addition, the Treg/Th17 balance in
patients with ASD is shifted toward Th17 [200]. Furthermore, a disturbed Th1/Th2 ratio
is also observed [201]. As for the levels of D-serine or D-glycine, they are varied in these
patients—both low and elevated levels have been reported [202].
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3.6.2. Effects of Sodium Benzoate

As mentioned above, sodium benzoate attenuates microglia activation (Figure 3) [78,
96,155] and has a beneficial effect in shifting the balance towards Th2 [56,178,179]. Further-
more, it beneficially effects the Treg/Th17 ratio [180,184]. Therefore, these properties may
support the potential use of sodium benzoate in the treatment of ASD patients. Another
study administered sodium benzoate (for children with body weight ≥ 15 kg, the dose
was 500 mg/day, for children with body weight < 15 kg, the dose was 250 mg/day) to
non-communicative children with ASD for 12 weeks [203]. Half of the children demon-
strated improvement in communication, and an activation effect was observed in three of
the six children. However, the activation effect was not strong enough to require medical
intervention or discontinuation of the study. In one case report, a girl with symptoms
similar to ASD, but also with a urea cycle disorder, was administered thioridazine and also
sodium benzoate (1.5–1.75 mmol/kg/day) [204]. Her condition improved after one year,
and autistic symptoms were not noticeable. Perhaps the resolution of ASD symptoms was
not only related to the use of thioridazine but in part to benzoate.
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Figure 3. Summary of the beneficial effects of sodium benzoate on ASD.

The beneficial effect of benzoate on patients with ASD may also be due to its effect on
p21 expression, as previously reported [78,96]. Activated p21 kinase has been shown to be
associated with severe ASD [205]. In addition, benzoate affects homocysteine levels [96].
Similar to the disorders described above, high levels are also observed in ASD [206,207]. It
was mentioned earlier that sodium benzoate affects the inhibition of neopterin production
and tryptophan degradation [56]. It should be noted that elevated levels are observed in
individuals with ASD [208,209]. Abnormal tryptophan metabolism is also observed in these
patients [210,211]. Given the effects of sodium benzoate in alleviating ASD as described
above and other potential mechanisms of its action, more research in this direction would
be warranted.
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4. Summary

In summary, it should be emphasized that sodium benzoate is a compound with a
broad safety profile and dose-dependent effects that are almost always adverse in the case
of high doses. Many studies also indicate that sodium benzoate, through multiple mecha-
nisms, has promising therapeutic potential, particularly for neurodegenerative diseases,
ASD, schizophrenia, MDD, and pain relief. However, due to the fact that it is commonly
present in food, the total dose taken by the patients cannot be completely controlled, and
therefore, finding the right dose with the least possible side effects may present many
difficulties. Further research is needed in this area.
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18. Zengin, N.; Yüzbaşıoğlu, D.; Unal, F.; Yılmaz, S.; Aksoy, H. The Evaluation of the Genotoxicity of Two Food Preservatives:
Sodium Benzoate and Potassium Benzoate. Food Chem. Toxicol. 2011, 49, 763–769. [CrossRef] [PubMed]

19. Pongsavee, M. Effect of Sodium Benzoate Preservative on Micronucleus Induction, Chromosome Break, and Ala40Thr Superoxide
Dismutase Gene Mutation in Lymphocytes. BioMed Res. Int. 2015, 2015, 103512. [CrossRef] [PubMed]

20. Chatterjee, S. Chapter Two—Oxidative Stress, Inflammation, and Disease. In Oxidative Stress and Biomaterials; Dziubla, T.,
Butterfield, D.A., Eds.; Academic Press: Cambridge, MA, USA, 2016; pp. 35–58. ISBN 978-0-12-803269-5.

21. Khansari, N.; Shakiba, Y.; Mahmoudi, M. Chronic Inflammation and Oxidative Stress as a Major Cause of Age-Related Diseases
and Cancer. Recent Pat. Inflamm. Allergy Drug Discov. 2009, 3, 73–80. [CrossRef]

22. Pole, A.; Dimri, M.; Dimri, G. Oxidative Stress, Cellular Senescence and Ageing. AIMS Mol. Sci. 2016, 3, 300–324. [CrossRef]
23. Liguori, I.; Russo, G.; Curcio, F.; Bulli, G.; Aran, L.; Della-Morte, D.; Gargiulo, G.; Testa, G.; Cacciatore, F.; Bonaduce, D.; et al.

Oxidative Stress, Aging, and Diseases. Clin. Interv. Aging 2018, 13, 757–772. [CrossRef]
24. Yetuk, G.; Pandir, D.; Bas, H. Protective Role of Catechin and Quercetin in Sodium Benzoate-Induced Lipid Peroxidation and the

Antioxidant System in Human Erythrocytes In Vitro. Sci. World J. 2014, 2014, e874824. [CrossRef]
25. El-Shennawy, L.; Kamel, M.A.E.; Khalaf, A.H.Y.; Yousef, M.I. Dose-Dependent Reproductive Toxicity of Sodium Benzoate in Male

Rats: Inflammation, Oxidative Stress and Apoptosis. Reprod. Toxicol. 2020, 98, 92–98. [CrossRef]
26. Sabour, A.; Ibrahim, I.R. Effect of Sodium Benzoate on Corticosterone Hormone Level, Oxidative Stress Indicators and Electrolytes

in Immature Male Rats. Sci. J. Med. Res. 2019, 3, 101–106. [CrossRef]
27. Olofinnade, A.T.; Onaolapo, A.Y.; Onaolapo, O.J.; Olowe, O.A. The Potential Toxicity of Food-Added Sodium Benzoate in Mice Is

Concentration-Dependent. Toxicol. Res. 2021, 10, 561–569. [CrossRef] [PubMed]
28. Khan, I.S.; Dar, K.B.; Ganie, S.A.; Ali, M.N. Toxicological Impact of Sodium Benzoate on Inflammatory Cytokines, Oxidative

Stress and Biochemical Markers in Male Wistar Rats. Drug Chem. Toxicol. 2020, 1–10. [CrossRef] [PubMed]
29. Yadav, A.; Kumar, A.; Das, M.; Tripathi, A. Sodium Benzoate, a Food Preservative, Affects the Functional and Activation Status of

Splenocytes at Non Cytotoxic Dose. Food Chem. Toxicol. 2016, 88, 40–47. [CrossRef]
30. Tsay, H.-J.; Wang, Y.-H.; Chen, W.-L.; Huang, M.-Y.; Chen, Y.-H. Treatment with Sodium Benzoate Leads to Malformation of

Zebrafish Larvae. Neurotoxicol. Teratol. 2007, 29, 562–569. [CrossRef]
31. Chen, Q.; Huang, N.-N.; Huang, J.-T.; Chen, S.; Fan, J.; Li, C.; Xie, F.-K. Sodium Benzoate Exposure Downregulates the Expression

of Tyrosine Hydroxylase and Dopamine Transporter in Dopaminergic Neurons in Developing Zebrafish. Birth Defects Res. B Dev.
Reprod. Toxicol. 2009, 86, 85–91. [CrossRef]

32. Saatci, C.; Erdem, Y.; Bayramov, R.; Akalın, H.; Tascioglu, N.; Ozkul, Y. Effect of Sodium Benzoate on DNA Breakage, Micronucleus
Formation and Mitotic Index in Peripheral Blood of Pregnant Rats and Their Newborns. Biotechnol. Biotechnol. Equip. 2016, 30,
1179–1183. [CrossRef]

33. Taheri, S.H.; Sohrabi, D. Teratogenic Effects of Sodium Benzoate on the Rat Fetus. J. Adv. Med. Biomed. Res. 2002, 10, 1–4.
34. Ajpt, E. Fetal Malformations Due to Long Term Consumption of Sodium Benzoate in Pregnant Balb/c Mice. Asian J. Pharmacol.

Toxicol. 2014, 2, 1–7.
35. Afshar, M.; Moallem, S.A.; Khayatzadeh, J.; Shahsavan, M. Teratogenic Effects of Long Term Consumption of Potassium Benzoate

on Eye Development in Balb/c Fetal Mice. Iran J. Basic Med. Sci. 2013, 16, 593–598.
36. Afshar, M.; Moallem, S.A.; Taheri, M.H.; Shahsavan, M.; Sukhtanloo, F.; Salehi, F. Effect of Long Term Consumption of Sodium

Benzoat before and during Pregnancy on Growth Indexes of Fetal Balb/c Mice. Modern Care J. 2012, 9, 173–180.
37. Emon, S.T.; Orakdogen, M.; Uslu, S.; Somay, H. Effects of the Popular Food Additive Sodium Benzoate on Neural Tube

Development in the Chicken Embryo. Turk. Neurosurg. 2015, 25, 294–297. [CrossRef] [PubMed]
38. Jewo, P.I.; Oyeniran, D.A.; Ojekale, A.B.; Oguntola, J.A. Histological and Biochemical Studies of Germ Cell Toxicity in Male Rats

Exposed to Sodium Benzoate. J. Adv. Med. Pharm. Sci. 2020, 22, 51–69. [CrossRef]
39. Kehinde, O.S.; Christianah, O.I.; Oyetunji, O.A. Ascorbic Acid and Sodium Benzoate Synergistically Aggravates Testicular

Dysfunction in Adult Wistar Rats. Int. J. Physiol. Pathophysiol. Pharmacol. 2018, 10, 39–46. [PubMed]
40. Mahmoud, G.S.; Sayed, S.A.; Abdelmawla, S.N.; Amer, M.A. Positive Effects of Systemic Sodium Benzoate and Olanzapine

Treatment on Activities of Daily Life, Spatial Learning and Working Memory in Ketamine-Induced Rat Model of Schizophrenia.
Int. J. Physiol. Pathophysiol. Pharmacol. 2019, 11, 21–30. [PubMed]

41. Sohrabi, D.; Alipour, M.; Gholami, M.R. The Effect of Sodium Benzoate on Testicular Tissue, Gonadotropins and Thyroid
Hormones Level in Adult (Balb/C) Mice. KAUMS J. (FEYZ) 2008, 12, 7–11.

42. Najah, A. Effect of Sodium Benzoate in the Level of Thyroid Stimulating Hormone and the Level of Thyroxin Hormone in Mature
Albino Male Rats. J. Kerbala Univ. 2015, 13, 295–299.

43. Khodaei, F.; Kholghipour, H.; Hosseinzadeh, M.; Rashedinia, M. Effect of Sodium Benzoate on Liver and Kidney Lipid Peroxida-
tion and Antioxidant Enzymes in Mice. J. Rep. Pharm. Sci. 2019, 8, 217. [CrossRef]

44. Zeghib, K.; Boutlelis, D.A. Food Additive (Sodium Benzoate)-Induced Damage on Renal Function and Glomerular Cells in Rats;
Modulating Effect of Aqueous Extract of Atriplex halimus L. Iran J. Pharm. Res. 2021, 20, 296–306. [CrossRef]

http://doi.org/10.1111/1541-4337.12284
http://www.ncbi.nlm.nih.gov/pubmed/33371618
http://doi.org/10.1016/j.fct.2010.11.040
http://www.ncbi.nlm.nih.gov/pubmed/21130826
http://doi.org/10.1155/2015/103512
http://www.ncbi.nlm.nih.gov/pubmed/25785261
http://doi.org/10.2174/187221309787158371
http://doi.org/10.3934/molsci.2016.3.300
http://doi.org/10.2147/CIA.S158513
http://doi.org/10.1155/2014/874824
http://doi.org/10.1016/j.reprotox.2020.08.014
http://doi.org/10.37623/SJMR.2019.31104
http://doi.org/10.1093/toxres/tfab024
http://www.ncbi.nlm.nih.gov/pubmed/34141170
http://doi.org/10.1080/01480545.2020.1825472
http://www.ncbi.nlm.nih.gov/pubmed/33003957
http://doi.org/10.1016/j.fct.2015.12.016
http://doi.org/10.1016/j.ntt.2007.05.001
http://doi.org/10.1002/bdrb.20187
http://doi.org/10.1080/13102818.2016.1224979
http://doi.org/10.5137/1019-5149.JTN.12551-14.2
http://www.ncbi.nlm.nih.gov/pubmed/26014016
http://doi.org/10.9734/jamps/2020/v22i530174
http://www.ncbi.nlm.nih.gov/pubmed/29593849
http://www.ncbi.nlm.nih.gov/pubmed/31149324
http://doi.org/10.4103/jrptps.JRPTPS_68_18
http://doi.org/10.22037/ijpr.2020.111634.13272


Nutrients 2022, 14, 1497 19 of 25

45. Ibekwe, E.S.; Uwakwe, A.A.; Monanu, O.M. In Vivo Effects of Sodium Benzoate on Plasma Aspartate Amino Transferase and
Alkaline Phosphatase of Wistar Albino Rats. Sci. Res. Essays 2007, 2, 10–12. [CrossRef]

46. Tomoko Fujitani Short-Term Effect of Sodium Benzoate in F344 Rats and B6C3F1 Mice. Toxicol. Lett. 1993, 69, 171–179. [CrossRef]
47. Radwan, E.H.; Elghazaly, M.M.; Aziz, K.A.; Barakat, A.I.; Hussein, H.K. The Possible Effects of Sodium Nitrite and Sodium

Benzoate as Food Additives on The Liver in Male Rats. J. Adv. Biol. 2020, 13, 14–30. [CrossRef]
48. Oyewole, O.I.; Dere, F.A.; Okoro, O.E. Sodium Benzoate Mediated Hepatorenal Toxicity in Wistar Rat: Modulatory Effects of

Azadirachta Indica (Neem) Leaf. Eur. J. Med. Plants 2012, 2, 11–18. [CrossRef]
49. Agarwal, A.; Sharma, A.; Nigam, G.L.; Gupta, A.; Pandey, V.D.; Malik, A.; Yadav, A. Histological profile of liver of albino rats on

oral administration of sodium benzoate. J. Anat. Sci. 2016, 24, 29–32.
50. McDougal, E.; Gracie, H.; Oldridge, J.; Stewart, T.M.; Booth, J.N.; Rhodes, S.M. Relationships between Cognition and Literacy in

Children with Attention-Deficit/Hyperactivity Disorder: A Systematic Review and Meta-Analysis. Br. J. Dev. Psychol. 2022, 40,
130–150. [CrossRef]

51. Bateman, B.; Warner, J.; Hutchinson, E.; Dean, T.; Rowlandson, P.; Gant, C.; Grundy, J.; Fitzgerald, C.; Stevenson, J. The Effects of a
Double Blind, Placebo Controlled, Artificial Food Colourings and Benzoate Preservative Challenge on Hyperactivity in a General
Population Sample of Preschool Children. Arch. Dis. Child. 2004, 89, 506–511. [CrossRef]

52. McCann, D.; Barrett, A.; Cooper, A.; Crumpler, D.; Dalen, L.; Grimshaw, K.; Kitchin, E.; Lok, K.; Porteous, L.; Prince, E.; et al.
Food Additives and Hyperactive Behaviour in 3-Year-Old and 8/9-Year-Old Children in the Community: A Randomised,
Double-Blinded, Placebo-Controlled Trial. Lancet 2007, 370, 1560–1567. [CrossRef]

53. Beezhold, B.L.; Johnston, C.S.; Nochta, K.A. Sodium Benzoate-Rich Beverage Consumption Is Associated with Increased Reporting
of ADHD Symptoms in College Students: A Pilot Investigation. J. Atten. Disord. 2014, 18, 236–241. [CrossRef]

54. Van West, D.; Claes, S.; Deboutte, D. Differences in Hypothalamic-Pituitary-Adrenal Axis Functioning among Children with
ADHD Predominantly Inattentive and Combined Types. Eur. Child. Adolesc. Psychiatry 2009, 18, 543–553. [CrossRef]

55. Corominas-Roso, M.; Palomar, G.; Ferrer, R.; Real, A.; Nogueira, M.; Corrales, M.; Casas, M.; Ramos-Quiroga, J.A. Cortisol
Response to Stress in Adults with Attention Deficit Hyperactivity Disorder. Int. J. Neuropsychopharmacol. 2015, 18, pyv027.
[CrossRef]

56. Maier, E.; Kurz, K.; Jenny, M.; Schennach, H.; Ueberall, F.; Fuchs, D. Food Preservatives Sodium Benzoate and Propionic Acid and
Colorant Curcumin Suppress Th1-Type Immune Response in Vitro. Food Chem. Toxicol. 2010, 48, 1950–1956. [CrossRef] [PubMed]

57. Suwan, P.; Akaramethathip, D.; Noipayak, P. Association between Allergic Sensitization and Attention Deficit Hyperactivity
Disorder (ADHD). Asian Pac. J. Allergy Immunol. 2011, 29, 57–65. [PubMed]

58. Miyazaki, C.; Koyama, M.; Ota, E.; Swa, T.; Mlunde, L.B.; Amiya, R.M.; Tachibana, Y.; Yamamoto-Hanada, K.; Mori, R. Allergic
Diseases in Children with Attention Deficit Hyperactivity Disorder: A Systematic Review and Meta-Analysis. BMC Psychiatry
2017, 17, 120. [CrossRef] [PubMed]

59. Dunn, G.A.; Nigg, J.T.; Sullivan, E.L. Neuroinflammation as a Risk Factor for Attention Deficit Hyperactivity Disorder. Pharmacol.
Biochem. Behav. 2019, 182, 22–34. [CrossRef]

60. Joseph, N.; Zhang-James, Y.; Perl, A.; Faraone, S.V. Oxidative Stress and ADHD: A Meta-Analysis. J. Atten. Disord. 2015, 19,
915–924. [CrossRef]

61. Pinho, R.; Wang, B.; Becker, A.; Rothenberger, A.; Outeiro, T.F.; Herrmann-Lingen, C.; Meyer, T. Attention-Deficit/Hyperactivity
Disorder Is Associated with Reduced Levels of Serum Low-Density Lipoprotein Cholesterol in Adolescents. Data from the
Population-Based German KiGGS Study. World J. Biol. Psychiatry 2019, 20, 496–504. [CrossRef]

62. Efekemo, O.; Akaninwor, J.O.; Essien, E.B. Effect of Oral Intake of Sodium Benzoate on Serum Cholesterol and Proinflammatory
Cytokine (Tumor Necrosis Factor Alpha [TNF-α] and Interleukin-6 [IL-6]) Levels in the Heart Tissue of Wistar Rats. Asian J. Res.
Biochem. 2019, 5, 1–8. [CrossRef]

63. Stoodley, C.J. Distinct Regions of the Cerebellum Show Gray Matter Decreases in Autism, ADHD, and Developmental Dyslexia.
Front. Syst. Neurosci. 2014, 8, 92. [CrossRef]

64. Noorafshan, A.; Erfanizadeh, M.; Karbalay-Doust, S. Stereological Studies of the Effects of Sodium Benzoate or Ascorbic Acid on
Rats’ Cerebellum. Saudi Med. J. 2014, 35, 1494–1500.

65. Schaubschläger, W.W.; Becker, W.M.; Schade, U.; Zabel, P.; Schlaak, M. Release of Mediators from Human Gastric Mucosa and
Blood in Adverse Reactions to Benzoate. Int. Arch. Allergy Appl. Immunol. 1991, 96, 97–101. [CrossRef]

66. Mcneal, T.P.; Nyman, P.J.; Diachenko, G.W.; Hollifield, H.C. Survey of Benzene in Foods by Using Headspace Concentration
Techniques and Capillary Gas Chromatography. J. AOAC Int. 1993, 76, 1213–1219. [CrossRef] [PubMed]

67. Heshmati, A.; Ghadimi, S.; Mousavi Khaneghah, A.; Barba, F.J.; Lorenzo, J.M.; Nazemi, F.; Fakhri, Y. Risk Assessment of Benzene
in Food Samples of Iran’s Market. Food Chem. Toxicol. 2018, 114, 278–284. [CrossRef] [PubMed]

68. Salviano dos Santos, V.P.; Medeiros Salgado, A.; Guedes Torres, A.; Signori Pereira, K. Benzene as a Chemical Hazard in Processed
Foods. Int. J. Food Sci. 2015, 2015, e545640. [CrossRef] [PubMed]

69. Azuma, S.L.; Quartey, N.K.-A.; Ofosu, I.W. Sodium Benzoate in Non-Alcoholic Carbonated (Soft) Drinks: Exposure and Health
Risks. Sci. Afr. 2020, 10, e00611. [CrossRef]

70. Gardner, L.K.; Lawrence, G.D. Benzene Production from Decarboxylation of Benzoic Acid in the Presence of Ascorbic Acid and a
Transition-Metal Catalyst. J. Agric. Food Chem. 1993, 41, 693–695. [CrossRef]

http://doi.org/10.5897/SRE.9000582
http://doi.org/10.1016/0378-4274(93)90102-4
http://doi.org/10.24297/jab.v13i.8717
http://doi.org/10.9734/EJMP/2012/619
http://doi.org/10.1111/bjdp.12395
http://doi.org/10.1136/adc.2003.031435
http://doi.org/10.1016/S0140-6736(07)61306-3
http://doi.org/10.1177/1087054712443156
http://doi.org/10.1007/s00787-009-0011-1
http://doi.org/10.1093/ijnp/pyv027
http://doi.org/10.1016/j.fct.2010.04.042
http://www.ncbi.nlm.nih.gov/pubmed/20435078
http://www.ncbi.nlm.nih.gov/pubmed/21560489
http://doi.org/10.1186/s12888-017-1281-7
http://www.ncbi.nlm.nih.gov/pubmed/28359274
http://doi.org/10.1016/j.pbb.2019.05.005
http://doi.org/10.1177/1087054713510354
http://doi.org/10.1080/15622975.2017.1417636
http://doi.org/10.9734/ajrb/2019/v5i230086
http://doi.org/10.3389/fnsys.2014.00092
http://doi.org/10.1159/000235478
http://doi.org/10.1093/jaoac/76.6.1213
http://www.ncbi.nlm.nih.gov/pubmed/8286958
http://doi.org/10.1016/j.fct.2018.02.043
http://www.ncbi.nlm.nih.gov/pubmed/29471007
http://doi.org/10.1155/2015/545640
http://www.ncbi.nlm.nih.gov/pubmed/26904662
http://doi.org/10.1016/j.sciaf.2020.e00611
http://doi.org/10.1021/jf00029a001


Nutrients 2022, 14, 1497 20 of 25

71. Nyman, P.J.; Wamer, W.G.; Begley, T.H.; Diachenko, G.W.; Perfetti, G.A. Evaluation of Accelerated UV and Thermal Testing for
Benzene Formation in Beverages Containing Benzoate and Ascorbic Acid. J. Food Sci. 2010, 75, C263–C267. [CrossRef]

72. Kamel, M.M.; Razek, A.H. Neurobehavioral Alterations in Male Rats Exposed to Sodium Benzoate. Life Sci. J. 2013, 10, 722–726.
73. Noorafshan, A.; Erfanizadeh, M.; Karbalay-doust, S. Sodium Benzoate, a Food Preservative, Induces Anxiety and Motor

Impairment in Rats. Neurosciences J. 2014, 19, 24–28.
74. Olofinnade, A.T.; Onaolapo, A.Y.; Onaolapo, O.J. Anxiogenic, Memory-Impairing, pro-Oxidant and pro-Inflammatory Effects of

Sodium Benzoate in the Mouse Brain. Dusunen Adam J. Psychiatry Neurol. Sci. 2021, 34, 14. [CrossRef]
75. Gaur, H.; Purushothaman, S.; Pullaguri, N.; Bhargava, Y.; Bhargava, A. Sodium Benzoate Induced Developmental Defects,

Oxidative Stress and Anxiety-like Behaviour in Zebrafish Larva. Biochem. Biophys. Res. Commun. 2018, 502, 364–369. [CrossRef]
76. Khoshnoud, M.J.; Siavashpour, A.; Bakhshizadeh, M.; Rashedinia, M. Effects of Sodium Benzoate, a Commonly Used Food

Preservative, on Learning, Memory, and Oxidative Stress in Brain of Mice. J. Biochem. Mol. Toxicol. 2018, 32, e22022. [CrossRef]
[PubMed]

77. Rajendran, P.; Nandakumar, N.; Rengarajan, T.; Palaniswami, R.; Gnanadhas, E.N.; Lakshminarasaiah, U.; Gopas, J.; Nishigaki, I.
Antioxidants and Human Diseases. Clin. Chim. Acta 2014, 436, 332–347. [CrossRef] [PubMed]

78. Brahmachari, S.; Jana, A.; Pahan, K. Sodium Benzoate, a Metabolite of Cinnamon and a Food Additive, Reduces Microglial and
Astroglial Inflammatory Responses. J. Immunol. 2009, 183, 5917–5927. [CrossRef] [PubMed]

79. Walia, D.; Kaur, G.; Jaggi, A.S.; Bali, A. Exploring the Therapeutic Potential of Sodium Benzoate in Acetic Acid-Induced Ulcerative
Colitis in Rats. J. Basic Clin. Physiol. Pharmacol. 2019, 30. [CrossRef]

80. Xu, W.; Li, T.; Gao, L.; Lenahan, C.; Zheng, J.; Yan, J.; Shao, A.; Zhang, J. Sodium Benzoate Attenuates Secondary Brain Injury
by Inhibiting Neuronal Apoptosis and Reducing Mitochondria-Mediated Oxidative Stress in a Rat Model of Intracerebral
Hemorrhage: Possible Involvement of DJ-1/Akt/IKK/NFκB Pathway. Front. Mol. Neurosci. 2019, 12, 105. [CrossRef]

81. Molero-Luis, M.; Casas-Alba, D.; Orellana, G.; Ormazabal, A.; Sierra, C.; Oliva, C.; Valls, A.; Velasco, J.; Launes, C.; Cuadras, D.;
et al. Cerebrospinal Fluid Neopterin as a Biomarker of Neuroinflammatory Diseases. Sci. Rep. 2020, 10, 18291. [CrossRef]

82. Williams, R.E.; Lock, E.A. Sodium Benzoate Attenuates D-Serine Induced Nephrotoxicity in the Rat. Toxicology 2005, 207, 35–48.
[CrossRef]

83. Arabsolghar, R.; Saberzadeh, J.; Khodaei, F.; Borojeni, R.A.; Khorsand, M.; Rashedinia, M. The Protective Effect of Sodium
Benzoate on Aluminum Toxicity in PC12 Cell Line. Res. Pharm. Sci. 2017, 12, 391–400. [CrossRef]

84. Yilmaz, B.; Karabay, A.Z. Food Additive Sodium Benzoate (NaB) Activates NFκB and Induces Apoptosis in HCT116 Cells.
Molecules 2018, 23, 723. [CrossRef]

85. GBD Results Tool. GHDx. Available online: http://ghdx.healthdata.org/gbd-results-tool?params=gbd-api-2019-permalink/d7
80dffbe8a381b25e1416884959e88b (accessed on 14 November 2021).

86. Bains, N.; Abdijadid, S. Major Depressive Disorder. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2021.
87. Nobis, A.; Zalewski, D.; Waszkiewicz, N. Peripheral Markers of Depression. J. Clin. Med. 2020, 9, 3793. [CrossRef]
88. Adell, A. Brain NMDA Receptors in Schizophrenia and Depression. Biomolecules 2020, 10, 947. [CrossRef] [PubMed]
89. Otte, D.-M.; de Arellano, M.L.B.; Bilkei-Gorzo, A.; Albayram, Ö.; Imbeault, S.; Jeung, H.; Alferink, J.; Zimmer, A. Effects of Chronic

D-Serine Elevation on Animal Models of Depression and Anxiety-Related Behavior. PLoS ONE 2013, 8, e67131. [CrossRef]
[PubMed]

90. Belujon, P.; Grace, A.A. Dopamine System Dysregulation in Major Depressive Disorders. Int. J. Neuropsychopharmacol. 2017, 20,
1036–1046. [CrossRef] [PubMed]

91. Betts, J.F.; Schweimer, J.V.; Burnham, K.E.; Burnet, P.W.J.; Sharp, T.; Harrison, P.J. D-Amino Acid Oxidase Is Expressed in the
Ventral Tegmental Area and Modulates Cortical Dopamine. Front. Synaptic Neurosci. 2014, 6, 11. [CrossRef] [PubMed]

92. Guo, F.; Zhang, Z.; Liang, Y.; Yang, R.; Tan, Y. Exploring the Role and Mechanism of Sodium Benzoate in CUMS-Induced
Depression Model of Rats. Neuroendocrinol. Lett. 2020, 41, 205–212.

93. Lai, C.-H. Sodium Benzoate, a D-Amino Acid Oxidase Inhibitor, Increased Volumes of Thalamus, Amygdala, and Brainstem in a
Drug-Naïve Patient With Major Depression. J. Neuropsychiatry Clin. Neurosci. 2013, 25, E50–E51. [CrossRef]

94. Lai, C.-H.; Lane, H.-Y.; Tsai, G.E. Clinical and Cerebral Volumetric Effects of Sodium Benzoate, a D-Amino Acid Oxidase Inhibitor,
in a Drug-Naïve Patient with Major Depression. Biol. Psychiatry 2012, 71, e9–e10. [CrossRef]

95. Hou, Y.-C.; Lai, C.-H. A Kind of D-Amino Acid Oxidase Inhibitor, Sodium Benzoate, Might Relieve Panic Symptoms in a
First-Episode, Drug-Naïve Panic-Disorder Patient. J. Neuropsychiatry Clin. Neurosci. 2013, 25, E07–E08. [CrossRef]

96. Modi, K.K.; Roy, A.; Brahmachari, S.; Rangasamy, S.B.; Pahan, K. Cinnamon and Its Metabolite Sodium Benzoate Attenuate
the Activation of P21rac and Protect Memory and Learning in an Animal Model of Alzheimer’s Disease. PLoS ONE 2015, 10,
e0130398. [CrossRef]

97. Esnafoglu, E.; Ozturan, D.D. The Relationship of Severity of Depression with Homocysteine, Folate, Vitamin B12, and Vitamin D
Levels in Children and Adolescents. Child. Adolesc. Ment. Health 2020, 25, 249–255. [CrossRef]

98. Chung, K.-H.; Chiou, H.-Y.; Chen, Y.-H. Associations between Serum Homocysteine Levels and Anxiety and Depression among
Children and Adolescents in Taiwan. Sci. Rep. 2017, 7, 8330. [CrossRef] [PubMed]

99. Monje, F.J.; Cabatic, M.; Divisch, I.; Kim, E.-J.; Herkner, K.R.; Binder, B.R.; Pollak, D.D. Constant Darkness Induces IL-6-Dependent
Depression-Like Behavior through the NF-KB Signaling Pathway. J. Neurosci. 2011, 31, 9075–9083. [CrossRef] [PubMed]

http://doi.org/10.1111/j.1750-3841.2010.01536.x
http://doi.org/10.14744/DAJPNS.2021.00116
http://doi.org/10.1016/j.bbrc.2018.05.171
http://doi.org/10.1002/jbt.22022
http://www.ncbi.nlm.nih.gov/pubmed/29243862
http://doi.org/10.1016/j.cca.2014.06.004
http://www.ncbi.nlm.nih.gov/pubmed/24933428
http://doi.org/10.4049/jimmunol.0803336
http://www.ncbi.nlm.nih.gov/pubmed/19812204
http://doi.org/10.1515/jbcpp-2019-0086
http://doi.org/10.3389/fnmol.2019.00105
http://doi.org/10.1038/s41598-020-75500-z
http://doi.org/10.1016/j.tox.2004.08.008
http://doi.org/10.4103/1735-5362.213984
http://doi.org/10.3390/molecules23040723
http://ghdx.healthdata.org/gbd-results-tool?params=gbd-api-2019-permalink/d780dffbe8a381b25e1416884959e88b
http://ghdx.healthdata.org/gbd-results-tool?params=gbd-api-2019-permalink/d780dffbe8a381b25e1416884959e88b
http://doi.org/10.3390/jcm9123793
http://doi.org/10.3390/biom10060947
http://www.ncbi.nlm.nih.gov/pubmed/32585886
http://doi.org/10.1371/journal.pone.0067131
http://www.ncbi.nlm.nih.gov/pubmed/23805296
http://doi.org/10.1093/ijnp/pyx056
http://www.ncbi.nlm.nih.gov/pubmed/29106542
http://doi.org/10.3389/fnsyn.2014.00011
http://www.ncbi.nlm.nih.gov/pubmed/24822045
http://doi.org/10.1176/appi.neuropsych.12030056
http://doi.org/10.1016/j.biopsych.2011.10.034
http://doi.org/10.1176/appi.neuropsych.12030075
http://doi.org/10.1371/journal.pone.0130398
http://doi.org/10.1111/camh.12387
http://doi.org/10.1038/s41598-017-08568-9
http://www.ncbi.nlm.nih.gov/pubmed/28827592
http://doi.org/10.1523/JNEUROSCI.1537-11.2011
http://www.ncbi.nlm.nih.gov/pubmed/21697358


Nutrients 2022, 14, 1497 21 of 25

100. Koo, J.; Marangell, L.b.; Nakamura, M.; Armstrong, A.; Jeon, C.; Bhutani, T.; Wu, J.j. Depression and Suicidality in Psoriasis:
Review of the Literature Including the Cytokine Theory of Depression. J. Eur. Acad. Dermatol. Venereol. 2017, 31, 1999–2009.
[CrossRef] [PubMed]

101. Makhija, K.; Karunakaran, S. The Role of Inflammatory Cytokines on the Aetiopathogenesis of Depression. Aust. New Zealand J.
Psychiatry 2013, 47, 828–839. [CrossRef]

102. Jenkins, T.A.; Nguyen, J.C.D.; Polglaze, K.E.; Bertrand, P.P. Influence of Tryptophan and Serotonin on Mood and Cognition with a
Possible Role of the Gut-Brain Axis. Nutrients 2016, 8, 56. [CrossRef]

103. Lindseth, G.; Helland, B.; Caspers, J. The Effects of Dietary Tryptophan on Affective Disorders. Arch. Psychiatr. Nurs. 2015, 29,
102–107. [CrossRef]

104. Dantzer, R. Role of the Kynurenine Metabolism Pathway in Inflammation-Induced Depression: Preclinical Approaches. In
Inflammation-Associated Depression: Evidence, Mechanisms and Implications; Aktualne Tematy w Neuronaukach Behawioralnych;
Dantzer, R., Capuron, L., Eds.; Springer International Publishing: Cham, Switzerland, 2017; pp. 117–138. ISBN 978-3-319-51152-8.
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