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Abstract: Histidine is an essential amino acid (EAA) in mammals, fish, and poultry. We aim to give
an overview of the metabolism and physiological effects of histidine in humans and different animal
species through a systematic review following the guidelines of PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses). In humans, dietary histidine may be associated with
factors that improve metabolic syndrome and has an effect on ion absorption. In rats, histidine
supplementation increases food intake. It also provides neuroprotection at an early stage and could
protect against epileptic seizures. In chickens, histidine is particularly important as a limiting factor
for carnosine synthesis, which has strong anti-oxidant effects. In fish, dietary histidine may be one
of the most important factors in preventing cataracts. In ruminants, histidine is a limiting factor for
milk protein synthesis and could be the first limiting AA for growth. In excess, histidine
supplementation can be responsible for eating and memory disorders in humans and can induce
growth retardation and metabolic dysfunction in most species. To conclude, the requirements for
histidine, like for other EAA, have been derived from growth and AA composition in tissues and
also have specific metabolic roles depending on species and dietary levels.
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1. Introduction

Histidine is an essential amino acid in mammals, fish and poultry because it is not de novo
synthesized and must be obtained through the diet [1,2]. In these organisms, histidine deficiency
induces a decrease in body weight. Moreover, nitrogen balances cannot be maintained with a
histidine-devoid diet. In the study by Kriengsinyos et al. [3], it has been shown that histidine
deficiency may not affect nitrogen balance if the total protein intake is higher than the current
recommendation (0.75 g/kg). However, histidine deficiency induces a decrease in AA oxidation and
a decrease in protein turnover. Taking into account these other parameters of protein metabolism,
histidine is considered as an indispensable AA in healthy adults. Some studies have also reported the
indispensability of histidine for ruminants [4]. Histidine is abundant in red meat and fish, but its
content varies among fish species, from histidine-rich fish (dark muscle fish) to histidine-poor fish
(white muscle fish). Histidine is present in the body of different species in different forms, including
free L-histidine, N (alpha)-acetylhistidine (NAH), histidine-containing protein, and histidine-
containing dipeptides such as carnosine and anserine (HRC).
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Depending on the species, the requirements and toxicity of histidine differ, as does its effect on
metabolism. Therefore, our aim is to present a systematic review following the guidelines of PRISMA
[5] (methodology in supplementary material, table S1) of the metabolic and physiological effects of
histidine in humans and different animal species. The scope of this review is to compare histidine
supplementation on different species, the effect of histidine supplementation on the metabolism, and
to analyze the requirement and toxicity for each species. Firstly, common physiological roles of
histidine in different species are described, and then, a species-by-species description is made for
humans, rodents, pigs, chickens, fish, and ruminants.

2. Common Physiological Roles of Histidine in Different Species

2.1. Histidine Requirements and Metabolism

Histidine requirements are expressed differently among species. For humans, histidine
requirements are expressed as daily intake per kilogram body weight. For other species, lysine is
frequently used as the reference AA, being known as the first limiting AA. Hence, the requirement
patterns for other AAs, including histidine, are expressed in ratio to lysine requirements. According
to the Food and Agriculture Organization of the United Nations (FAO), the histidine ratio (percent
histidine/lysine) varies: 36 for pigs (20 to 50 kg), 32 for chicks (0 to 3 wk), 36 for rats, 33 for salmonids,
39 for trout, 37 for common carp and 34 for tilapia.

Histidine undergoes different metabolic pathways (Figure 1). It can be methylated to either 1-
methyl or 3-methyl histidine, or converted to imidazole-pyruvic acid by transaminase, which
produces imidazole-lactic acid by reduction. Transaminase activity is elevated in fetal rat livers and
decreases after birth. Its activity can be modulated by diet: it increases when diet protein content is
above 25%, whereas it is not modified below 25%. Histidine can be condensed with [3-alanine to form
carnosine and anserine, which are involved in protection against oxidative stress [6] . It can also be
condensed with decarboxylation to form histamine, or it can undergo irreversible degradation. An
irreversible, non-oxidative deamination leads to the formation of trans-urocanic acid and ammonia
by the histidine ammonia-lyase, also called histidase, which is a cytoplasmic enzyme [6]. To do this,
the a-amino group of L-histidine is removed [7]. This is the primary step in histidine degradation
that has been studied in mammals and bacteria.

Urocanic acid has a protective role against harmful effects of ultraviolet rays on the skin. It is
metabolized in the liver to 4, 5-dihydri-4-oxo-5-imidazolepropanoic acid by urocanate hydratase,
and is then converted to formimino-glutamate (FIGLU) and N5-formimino-tetrahydro-folate. In
epiderma, urocanate hydratase is not present, and urocanic acid is the last compound of histidine
catabolism. This compound accumulates in the epidermis and acts as a natural sunscreen that
protects the skin from the effects of UV light [8,9]. Histidase, located only in the liver and
epidermis, is the rate-limiting enzyme of histidine degradation [10]. Its activity is very low in the
fetal liver and increases progressively during the first three weeks after birth [11]. Some cases of
histidase deficiency have been described. In this context, the main step in histidine catabolism is
transamination with the accumulation of imidazole-pyruvate, imidazole-lactate and imidazole-
acetate [11]. Gene expression of histidase can be modulated by diet. High protein diets or amino
acid-imbalanced diets stimulate its expression [12]. Histidase activity increases proportionally to
the increase of protein content in the diet. Rats fed histidine-imbalanced diets have shown a lower
food intake and weight gain with a higher histidase gene expression [12]. In the case of
undernutrition, there is a decrease in histidase activity and histidase mRNA abundance in the liver.
This decrease seems to prevent histidine catabolism [13]. It was also shown that in rats on a low
protein diet, a load of histidine induced a lower histidine oxidation compared to rats on an
adequate diet [14]. Lastly, some studies have shown that histidase can be controlled by estrogen. In
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female rats, the activity of this enzyme is down-regulated upon ovariectomy [15].
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Figure 1. Catabolic pathways of histidine [11].

2.2. Physiological Role of Histidine is Common for all Species

Incorporation into protein: Borsook and Wolf reported that the main region for histidine
retention was the viscera. This was determined by the injection of labeled AAs into rodents and the
subsequent analysis of the rate of incorporation into protein tissue [16,17]. The maximum rate of
histidine incorporation into proteins is slower (max at 30 min after injection of labeled AAs) than for
leucine and lysine (max at 10 min for lysine and 20 min for leucine). In guinea pigs, 30 min after
intravenous injection of 16 mg/kg of histidine, the rate of incorporation of histidine is 0.9 uM in small
intestine and 1.7 uM in liver per g of protein per hour. The highest incorporation was measured in
microsome fractions [16].

Synthesis of carnosine and anserine: Carnosine is highly concentrated in muscle (except in
cardiac muscle) and brain tissues of all mammals and birds, with a particularly high content in the
horse [18]. Anserine is found in skeletal muscle of certain mammals such as rabbits, rats and whales,
but is not found in any human tissues [11]. Carnosine has been proven to scavenge reactive oxygen
species (ROS) as well as alpha-beta unsaturated aldehydes formed from peroxidation of cell
membrane fatty acids during oxidative stress. Carnosine and anserine have a beneficial role as anti-
oxidant, antiglycation molecules and anti-aging agents and are furthermore considered functional,
bioactive compounds when consumed by humans [19].

Decarboxylation of histidine to histamine by histidine decarboxylase: This metabolic conversion
is common in all animal species except fish. This enzyme is present in microorganisms of the large
intestine and in many tissues (lung, liver, muscle and gastric mucosa). In contrast to histamine,
histidine can cross the blood brain barrier. After crossing the blood-brain barrier, and once in the
tuberomammilary nucleus (TMN) of the hypothalamus, histidine is converted into histamine by
histidine decarboxylase [20]. Subsequently, histamine is oxidized to imidazoleacetaldehyde and then
to imidazoleacetic acid [11]. Histamine is a major mediator in allergic diseases and has multiple
effects that are mediated by specific surface receptors on target cells. Inflammation is known as the
main pathophysiological characteristic of allergies [21]. Moreover, histamine exerts different effects
on inflammation [22]. On the one hand, histamine can induce inflammation contributing to
pulmonary fibrosis, cardiovascular diseases and atherosclerosis, atopic dermatitis, colitis, nerve
tissue damage, and by influencing Th1/Th2 balance. On the other hand, histamine can regulate
inflammation. It is involved in wound healing in skin lesions, in the reduction of colitis severity and
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autoimmune encephalomyelitis in experimental models, inhibits tumor development, and
microbiota-derived histamine is associated with a reduction of asthma severity [22].

Histamine is a neurotransmitter [23] that plays a role in the control of food intake, along with
other neurotransmitters (catecholamines, 5-hydroxytryptamine). Studies have shown that histidine
decreases food intake through histamine [20,21]. Vaziri et al. studied the effect of histidine
administered by intragastric or intraperitoneal routes to rats and measured food intake after blocking
the conversion of histidine to histamine by FMH, a-fluoromethylhistidine. They found that histidine
decreased food intake, but that the use of FMH reversed the effect of histidine on food intake [24].
Histamine is also involved in sleep mechanisms [25]. There are histamine-expressing neurons in the
TMN that are considered wake-active, owing to histamine that acts via H1 and H3 receptors [26].
Some studies have demonstrated that antihistamine treatment induced sleep, blocking effects of
histamine on TMN H1 and cholinergic receptors [27,28].

Buffering role of histidine and histidine-related compounds (HRC): Histidine and HRC have a
specific role in the intracellular, non-bicarbonate buffering capacity of vertebrate muscle, which is
mainly supported by the imidazole groups of free histidine or histidine residues in proteins as well
as HRC, in the pH range of 6.5-7.5 (Figure 2). This metabolic process reduces the decrease of
intracellular pH caused by proton accumulation during high-intensity anaerobic exercise, and a
consequent ATP hydrolysis to ADP. The decrease of intracellular pH inhibits glycolysis and the
buffering capacity of histidine, and HRC enhance the capability for anaerobic exercise performance
by stabilizing the pH. The contribution of HRC to buffering capacity among species is described in
[29].
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Figure 2. Muscle histidine and histidine-related compounds buffering contribution (4) in comparison
with proteins among species (contractile (1) and soluble (2)), inorganic orthophosphate (3), and
unknown compounds (5)). Buffering capacity is expressed as umol NaOH per pH unit per g muscle
over pH 6.5-7.5. Values indicated on the bars represent the concentration of total histidine-related
compounds (umol/g muscle). WM, white muscle; RM, red muscle; SM, skeletal muscle; BF, biceps
femoris; PSM, psoas muscle; PM, pectoralis minor [30].

2.3. Histidine Strongly Binds Metal (CO(II), Ni(1l), Cd(1l), Zn(1I), Cu(Il), and Fe(Ill) ions)

The imidazole sidechain of histidine is a common coordinating ligand in metalloproteins.
Histidyl residues of metal-activated enzymes and metalloproteins are believed to play an important
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role in metal binding by these proteins [31]. Histidine acts on metal regulation, chelating different
metal ions such as cobalt(Il), nickel(II), copper(Il), zinc(Il) cadmium(Il), and iron(II) [32].

3. Effect of Histidine Level and Supplementation in Humans

According to the FAQ, the daily requirement for histidine is 8 to 12 mg/kg of body weight per
day in adults. The average intake of histidine in typical, adult diets in Europe, the USA and Japan
was reported to be between 2.12 and 2.40 g per day (i.e., about 30 to 35 mg/kg of body weight per
day), where men of 50-70 years of age at 5.20 g/day represented the 99th percentile intake [33,34].

3.1. Histidine Intake and Consequences on Body Histidine Status

Steele and Le Bovit [35] have studied histidine tolerance in women who received two levels of
L-histidine, 1.5 and 5 g/day. Results showed that at thirty minutes after ingestion, the 1.5 g dose
elevated plasma histidine 2- to 8-fold more than the fasting level, while the 5 g dose elevated the level
7- to 11-fold. In both cases (1.5 and 5 g/day), the plasma histidine content remained elevated for a
short time and then declined until reaching the fasting level. The rate of fall of the red blood cell
histidine was much slower than that of plasma. Block and colleagues [36] also studied histidine
tolerance in three healthy adults (two females and one male) that received 5 g of free histidine
dissolved in 100 ml water. Blood samples were collected at one, two, and four-hour intervals. One
hour after ingestion of 5 g histidine, the amount of histidine in the plasma increased to approximately
7.5,12.5 and 15 times the fasting level. At the two-hour interval, the amount of plasma histidine for
all subjects was less than for the one-hour sample, and continued to decrease. However, it did not
return to the fasting level by the end of the tolerance test. These two studies have shown that high
doses of histidine rapidly induce a large increase in plasma histidine, that then decrease in a few
hours.

3.2. Histidine Supplementation and Eating Disorders

Henkin [37] demonstrated that within four to six days after different amounts of histidine
supplementation in healthy, young college men, subjects spontaneously complained of anorexia
onset. In volunteers receiving 8 g of histidine daily, anorexia was severe and induced a weight loss
of 2-3 lbs over a period of one week, despite persistent encouragement to complete their meals. In
general, breakfast was the best-tolerated meal, followed by lunch, and dinner being the least-
tolerated meal. With continued administration of larger quantities of histidine, 16 and 32 g daily, all
subjects developed a decrease in taste acuity (hypogeusia), and then a decrease in smell acuity,
(hyposmia). Further administration of larger doses of histidine was associated with the development
of distortions of taste (dysgeusia) and smell perception (dyssomnia). Excessive dietary histidine (50
g of histidine/kg of food) has been reported in some Japanese populations. Okubo and Sasaki [38]
examined the correlation between dietary histidine and energy intake among 1689 Japanese female
students by using a self-administered diet history survey. Results showed that the ratio of histidine
to protein (histidine/protein) was negatively and significantly correlated with energy intake,
independent of other dietary factors. Nakajima and colleagues [39] also identified a negative
association between histidine/protein and energy intake in 26 male and 38 female students (r =-0.18
in men and r = -0.34 in women, p < 0.05).

In order to investigate the possible efficacy of oral histidine as anorectic therapy in men,
Schechter and Prakash [40] fed eight healthy men (ages 32 to 38) with 4 g of histidine supplement per
day for four weeks. Results showed that this amount had no significant effect on appetite, taste or
smell perception, food intake, or body weight. In addition, total serum zinc, albumin-bound zinc,
macroglobulin-bound zinc concentrations, and urinary histidine excretion had not significantly
changed. Based on these studies and a risk assessment, the Norwegian Scientific Committee for Food
Safety (Holvik et al., 2016) concluded that supplementation with 4 to 4.5 g/day, corresponding to 57
mg/kg of body weight per day for a 70 kg adult, does not have adverse effects in humans. The
scientific committee concluded that the specified doses of 0.55 and 0.60 g/day of histidine in food
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supplements are unlikely to cause adverse health effects in adults (=18 years), adolescents (14 to <18
years) or children (10 to <14 years).

3.3. Histidine and Memory Disorders

Geliebter et al. studied the effect of daily histidine doses, from 24 to 64 g, mixed into orange
juice, on healthy subjects for four weeks [41]. They reported ensuing headaches, weakness,
drowsiness, and nausea in subjects. Two subjects who received 64 g per day reported painful
sensations in their eyes and difficult focusing. One subject showed mental confusion after taking 64
g per day, poor memory, and depression with episodes of crying [41]. In contrast, Sasahara and
colleagues [42] reported that daily histidine intake (1.65 g/day) actually decreased feelings of fatigue,
increased efficiency while performing memory tasks, and promoted clear thinking and concentration
in subjects with high fatigue and sleep disruption scores. The large difference in histidine doses likely
explains the contradictory effects between studies by Geliebter et al. and Sasahara et al.

3.4. Histidine and Metal Ion Status

Some studies have investigated the effect of histidine on ion absorption. In 113 subjects, for
example, iron absorption was not affected by histidine supplementation (416 to 2080 mg/day) [43]. In
another study, zinc histidine complexes were better absorbed than zinc sulfate in ten healthy subjects.
Therefore, the ingestion of zinc complexes with histidine at a ratio of 1:2 or 1:12 increased serum-zinc
concentration 25% more than ingestion of zinc sulfate. No changes in zinc excretion was observed in
this study [44]. In 1980, Henkin and colleagues studied the effects of graded increases of histidine
doses (8.1-64.8 g, daily) in healthy volunteers and in patients with scleroderma. They observed a
graded increase in urinary zinc excretion. In subjects receiving high doses of histidine, urinary zinc
excretion increased from 454 + 50 ug per day to 5269 + 840 ug per day compared to the control state.
In some subjects that received the highest level of histidine supplementation (64.8 g daily),
approximately 0.5% of the estimated total body zinc pool was lost through urine each day.

Menkes disease (MD) is a neurodegenerative disorder caused by mutations in the ATP7A gene,
and can lead to death in early childhood. Symptoms of this disease are attributed to deficient activity
of Cu-dependent enzymes (cytochrome oxidase, tyrosinase, superoxide dismutase, dopamine beta
hydroxylase, lysyl oxidase, and sulthydryl oxidase). In patients suffering from MD, copper therapy
has been shown to be inefficient. Interestingly, however, due to the chelating effect, copper histidine
therapy is beneficial in reversing the skin and hair changes, improving appendicular tone, socio-
cognitive milestones, weight gain, and immunity [45-47].

3.5. Histidine and Skin Dysfunction

Histidine status seems to be important in skin dysfunction and various cutaneous diseases. The
deficiency in histidine, as in other essential AA (Ile, Leu, Lys, Met, Cys, Phe, Tyr, Thr, Trp, Val, Arg,
or Gln) significantly decreased hyaluronan levels in human dermal fibroblasts [48]. Hyaluronan plays
an important role in tissue repair and in cellular proliferation and migration in skin. Moreover,
Voorhees et al. [49] detected an increasing quantity of labelled histidine within keratohyalin, a
"histidine-rich" protein (HRP) that has been isolated and characterized in human necropsy epiderma.
However, no changes were observed in HRP synthesis in psoriatic lesions. Regarding dermatitis
disease, Tan and colleagues reported that daily oral histidine intake (4 g per day) increased filaggrin
formation. Filaggrin is a protein that constitutes the granular layer of keratynocytes that contributes
to barrier function through skin hydration and maintenance of stratum corneum acidity. This
increase of filaggrin induced a decrease of atopic dermatitis disease severity [50].

3.6. Histidine and Metabolic Syndrome

Dietary histidine may be associated with factors improving metabolic syndrome related to
obesity. An internet-based, cross-sectional study conducted in a northern Chinese population by Yan-
Chuan Li and colleagues [51] reported an association between higher dietary histidine intake (1400
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mg/d), above dietary requirements ( 8 to 12 mg/kg of body weight per day in adult according to FAQ,
corresponding from 560 to 840 mg/day for a healthy adult of 70 kg) and lower prevalence of
overweight conditions and obesity, lower BMI, waist circumference, and blood pressure. Insulin
resistance, which is an important feature of the metabolic syndrome, seems to be improved in
overweight and obese individuals with histidine supplementation [51,52].

Obesity is also associated with a high level of pro-inflammatory cytokines and inflammation
biomarkers [53]. In the study by Li et al., results show that dietary histidine is inversely associated
with some pro-inflammatory cytokines such as TNF-a, IL-1, IL-6, and the inflammation biomarker
CRP. These results are consistent with what was found by the team of Lee [54]. It seems that
supplementation with histidine might improve inflammation in overweight and obese people.
Adiponectin, an adipocytokine that appears to play a role in the development of insulin resistance,
could also be involved in histidine’s effect on obesity. A positive correlation was also found between
histidine supplementation and serum adiponectin in overweight and obese individuals. Histidine
could increase secretion of adiponectin by inhibiting oxidative stress and inflammation in adipose
tissue [51].

4. Effect of Histidine Level and Supplementation in Rodents (Rats and Mice)

4.1. Effect on Food Intake

Many studies have shown that histidine acts on feeding behavior [55]. Results of these studies
in rats reported that food intake is decreased with increased dietary histidine [20,56]. Kasaoka and
colleagues showed a decrease in food intake with a daily dose of 20% casein plus 2.5% or 5% histidine
(25 g/kg or 50 g/kg of diet) for eight days, compared with a group that received 20% casein without
supplemental histidine. The decrease in food intake caused by dietary histidine can be explained by
an activation of histamine neurons [55,57]. Intraperitoneal or intracerebroventricular injection of L-
histidine also suppresses food intake. In addition, inhibition of histidine decarboxylase (HDC)
reverses this effect, which suggests that histidine suppresses food intake through its conversion into
histamine in the hypothalamus [58]. The released histamine acts on food intake through histamine
H1 receptors [55]. All of these studies have shown that a higher histidine intake induces a decrease
in food intake. As in humans, this decrease in food intake seems to be due to the effect of histamine.

In contrast to these studies showing a decrease in food intake, a study by Holec¢ek demonstrated
an increase in food intake in rats that drank histidine-enriched water [59]. They hypothesized that in
other studies, the histidine-enriched diet induced an imbalance in AA concentration, leading to
competition for cellular transporters to the brain. There was then a reduction of several AA in the
brain causing the decrease in food intake. While in their study, to balance the increase in histidine in
water, rats increased their food intake. The results might be different if it was not the water but the
diet that was enriched with histidine.

4.2. Effect on Neuroprotection

Cerebral ischemia is a major cause of death in adults. Six hours after a cerebral ischemia,
astrocytes are activated to induce neuron survival [60]. To avoid the spread of the lesion and to induce
the local immune response, astrocytes come together to form a barrier called the glial scar. This
barrier can inhibit neurogenesis at a late stage after cerebral ischemia [61].

An early study by Liao and colleagues [62] showed that histidine, converted into histamine,
seems to induce neuroprotection at an early stage after cerebral ischemia. With its action on neurons,
more specifically on astrocytes, histidine protects them from oxygen-glucose deprivation-induced
injuries and inflammatory cells by inhibiting their recruitment. More recently, the same researchers
demonstrated that there is also an effect on the late stage after cerebral ischemia [63]. A dose- and
stage-dependent treatment with histidine at a high dose of 1000 mg/kg at an early stage, and a
decreased dose of 500 mg/kg at a late stage induced astrocyte migration toward the infarct area. This
migration enables neurogenesis in the lesion area, indicating that histidine provides long-term
neuroprotection after cerebral ischemia.
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Some studies have reported that histidine could protect against epileptic seizures. A study by
Chen et al. [64] showed that seizures induced in rats by pentylenetetrazole, a central nervous system
(CNS) stimulant, could be reversed by histidine in a dose-dependent manner. The study reported
that with 500 mg/kg of histidine in rats, there was a large increase of histamine that entered the cortex,
hippocampus and amygdala. These observed effects seemed due to the increase in histamine
synthesis owing to its precursor, histidine. A decrease in histamine led to an increase in the duration
of epileptic seizures [65], which suggests that there is a link between seizures and histamine
concentration in the brain. Actions of histamine on convulsions could be mediated through
presynaptic H3-receptors and postsynaptic H1-receptors. Moreover, one study suggested that
anserine, which is water soluble, could be an active peptide. In mice, the anserine supplementation
improved memory functions in Alzheimer disease-model mice by exerting a protective effect on the
neurovascular units, which are composed of endothelial cells, pericytes, and supporting glial cells.
Therefore, histidine could also have a neuroprotection effect through anserine production [66].

4.3. Effect on Growth and Metabolic Dysfunctions

In a study in which the level of histidine was >2 g/kg BW/day, rats from 7 to 46 weeks showed
growth retardation, hepatomegaly and hypercholesterolemia [67,68]; when histidine was >4 g/kg
BW/day, hypercholesterolemia was observed after 46 days of treatment [69].

An excess of histidine can have a negative impact on growth, but the effect can be mitigated by
increasing dietary protein content. Muramatsu et al. [70] studied the adverse effect of excess levels of
histidine in growing rats. When male weanling rats were fed with a diet consisting of 10% casein
supplemented with 50 g/kg BW/day of histidine for three weeks, growth was reduced by 77%.
However, in rats fed a 25% casein diet supplemented with 50 g/kg BW/day of histidine for three
weeks, growth decreased by 23% compared to the unsupplemented control rats [71,72]. Another
study [73] showed that, at 6% casein and 20 g/kg diet histidine, growth depression was severe.
However, when the protein content of the diet was increased to 12%, the degree of growth depression
was lessened. This indicates that rats can better tolerate an excess of histidine with an increased
protein content in the diet. These findings are consistent with the observation that activities of
histidine-catabolizing enzymes are higher in rats fed moderate- and high-protein diets compared to
low-protein diets, and that this results in an enhanced ability to degrade excess histidine with a
concomitant decrease in histidine toxicity [71,72]. A 13-week feeding study sought to evaluate the
effect of diets containing 0, 3.1, 6.2, 12.5, 25, and 50 g/kg of histidine (L-histidine monohyrochloride)
on male and female F344 rats [74]. With the higher dose of histidine, body weight and food intake
decreased in males and demonstrated an increase in hemoglobin volume and hematocrit. This effect
seemed due to the high dose of histidine, because it is a major component of hemoglobin. The level
of blood urea nitrogen and creatinine increased in females, and the level of blood urea nitrogen also
increased in females fed 12.5 g/kg histidine. Concerning body composition, there was an increase in
the weight of some organs, including the kidney for males of the 25 g/kg and 50 g/kg groups, testis
for males of the 50 g/kg group and kidney for females of the 50 g/kg group. Owing to the different
adverse effects observed for 50 g/kg fed rats, the authors concluded that the maximum tolerable dose
of histidine is 25 g/kg of the diet. In obese rats, histidine (1875 g/kg BW) was seen to improve
inflammatory and oxidative status [75] via the NF-kB- and PPARy-involved pathways.

4.4. Effect of Histidine on Mineral Metabolism

As previously described, histidine can chelate metal ions. Some studies have investigated the
effect of histidine intake on iron, copper and zinc absorption and retention. Tissue levels of iron and
fecal losses of iron were not affected by the histidine supplementation [76]. When histidine was added
to an ¥Fe solution that contained ascorbic acid, it increased absorption [77]. This suggests some direct
reaction between iron and histidine and is consistent with the hypothesis that an AA-iron chelate is
formed and subsequently absorbed. Regarding copper, no effect of histidine intake was observed in
rats [76]. In vitro, histidine was found to facilitate copper uptake in hepatic, placental, and brain cells
[78-81]. Some studies have investigated the effect of histidine-feeding on zinc status, finding that the
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effect of histidine supplementation is controversial. Freeman and Taylor [82] investigated effects of
both acute (intravenous infusion of 250 mg/hr histidine) and chronic (500 mg/day was given by
gavage for 43 days) histidine supplementation. They reported an increase in zinc excretion by three
to six times following acute and chronic administration of histidine. Elsewhere, however, the
decrease of plasma zinc has been observed in acute, but not chronic, supplementation. In young adult
rats, dietary repletion with zinc chloride supplemented with L-histidine (40 mg/kg of diet) was more
effective at reversing cognitive impairment due to zinc depletion, rather than repletion with a zinc
salt alone. This effect could be explained by the stimulation of Zn transport across the brain
endothelium when histidine was added to perfusion [83,84]. Snedeker and Greger [76] reported that
zinc absorption and utilization were more strongly impacted by protein levels in the diet than by the
level of histidine. Nonetheless, other studies have reported that histidine could induce a zinc
deficiency. In rats fed histidine levels superior to 4 g/kg BW/day from seven to 46 weeks, a significant
reduction in plasma zinc was observed. Interestingly, supplementation of a rat diet with 50 g/kg
histidine did not affect the rate of turnover of zinc (the rate of turnover of $Zn from two to four weeks
after a single injection of the tracer), whereas the diet supplemented with 8% histidine induced a
severe zinc deficiency (50% reduction in the plasma zinc content) [85]. This effect of histidine
supplementation on zinc status could depend on dietary zinc intake. Indeed, when rats were fed a
zinc-adequate diet, histidine supplementation did not cause any changes to the zinc status (zinc
concentrations, ®Zn tissue distribution, and tissue-specific activities). However, when zinc intake
was low, histidine supplementation led to a lower ®Zn retention, associated with increased fecal
excretion and a shorter biological half-life [86].

4.4. Histidine and Cancer

Recent data suggest that histidine catabolism and intake influence the sensitivity of cancer cells
to methotrexate [87]. Methotrexate is an anticancer treatment for certain solid tumors and blood
cancers, but may be toxic for various non-cancer cells. CRISPR/Cas9-mediated depletion of
formimidoyltransferase cyclodeaminase (FTCD), histidine ammonia lyase (HAL), and
amidohydrolase domain containing 1 (AMDHD1) decreased the sensitivity of cells to methotrexate.
Moreover, methotrexate and histidine treatment of mice induced a marked decrease in tumor size
that was significantly greater than in any of the other treatment cohorts. Taken together, these data
highlight the role of the histidine degradation pathway in the efficiency of chemotherapy agent
methotrexate [88].

4.5. Toxicity Dose

Toxicity doses have been studied in rats from different perspectives: their carcinogenicty as well
as lethal doses. No mortality or adverse effects were observed during a 13-week period during which
rats were fed with different amounts of histidine (containing 0, 3.1, 6.2, 12.5, 25, and 50 g/kg of
histidine) [74]. Another study investigated the long-term toxicity and carcinogenicity of histidine in
100 rats for 104 weeks [89]. This study was performed using two groups, 50 males and 50 females,
fed with diets containing 0, 12.5, and 25 g/kg histidine. They observed that tumors developed in all
three groups. However, these tumors were the same as those that develop spontaneously in F344 rats.
No significant differences for the incidence or the type of tumor were observed between these three
groups. The authors concluded that histidine was not carcinogenic in these rats under their
experimental conditions. Gullino and colleagues [90] studied toxicity of AAs. They studied the DL50,
the dose of histidine that kills 50% of rats, and the DL99.9, the dose that kills all rats. The toxicity data
showed that the DL50 was 23 mmol/kg of body weight and the DL100 was 33 mmol/kg of body
weight. There was no difference concerning the dose between the two isomers L-histidine and D-
histidine.

5. Effect of Histidine Level and Supplementation in Breeding Farmed, Monogastric Pigs and
Chickens
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5.1. Histidine in Pigs

Figueroa and colleagues [91] studied the effects of AA supplementation on growing pigs
submitted to different levels of crude protein (CP) (16%, 12%, or 11% CP), where the limiting AA CP
diet (11%) was supplemented or not with histidine or other AAs. The diet at 12% of CP and 11% of
CP induced a reduction of growth performance, even if the diet was supplemented with lysine,
tryptophan, threonine, and methionine. Results showed that the performance was higher with 16%
or 12% CP compared to 11% CP, and that histidine supplementation alone failed to reverse this effect.
However, when the supplementation of histidine was combined with valine, pigs exhibited similar
feed intake and weight gain compared to the pigs fed the 16% or 12% CP diet, suggesting that valine
is limiting before histidine in the diet. Of note, gain-to-feed, defined as the ratio of body weight gain
to feed consumption, was still significantly higher with pigs fed the 16% CP diet compared to 11%
CP. Lastly, results showed a large reduction in plasma urea concentrations correlated to the decrease
in crude protein level in the diet. Supplementation with histidine with valine or valine + isoleucine
further reduced plasma urea at d14. Some studies have investigated the effect of dietary
supplementation of blood meal as a source of histidine and its impact on anserine and carnosine
synthesis. A diet of 95% basal diet +5% blood meal tends to increase the concentration of carnosine
in two types of muscle, longissimus dorsi and vastus intermediate [92]. However, this is not the case
for anserine, probably due to the little activity of carnosine methylation compared to anserine in pig
muscles. Dietary supplementation of blood meal by increasing the histidine concentration seems to
be a useful diet strategy in pigs to produce carnosine-enriched pork, as observed in broiler chickens.

5.2. Histidine in Chicken

Few studies have investigated the effect of histidine supplementation in chicken. High
supplementation of histidine (4 g/kg on an as fed basis) was shown to reduce average daily gain by
48 to 51% in eight-day-old crossbred chicks [93]. Similarly, growth depression of 31% was observed
with a diet supplemented with 3 g/kg of histidine. The main histidine role described for chickens is
that of an anti-oxidant through carnosine and anserine, which have a significant anti-oxidative
activity. Auh et al. and Park et al. [94,95] have shown that diet supplementation with 5% blood meal
increases the concentration of carnosine in chicken breast. In connection with this property, various
studies have evaluated diet supplementation with histidine to increase the anti-oxidant capacity of
muscle and the nutritional value of meat. A study by Kralik et al. [96] showed that supplementation
with histidine induced an increase of carnosine concentration in breast muscle tissue. Diet
supplementation with 0.3% histidine induced an increase of carnosine by 8.88%, and a
supplementation with 0.5% histidine increased carnosine concentration by 25.96%. Haug et al. [97]
experimented with different diets supplemented with histidine, at 1 g/kg, 2 g/kg, and 3 g/kg. They
found that with a supplementation of 1 g/kg, there was an increase in breast muscle carnosine
concentration of 62% compared to the control group. Kai et al. [98] examined the carnosine and
anserine content in muscles of female broilers fed with diets supplemented with graded levels of
histidine at 67%, 100% (control) and 200% of histidine requirements according to the NRC (1994).
They reported that these dipeptides were decreased in the low histidine group (67%). In particular,
carnosine was not detected in muscles in this group. In contrast, these two dipeptides were increased
in the high histidine group (200%).

Kopec studied the effects of histidine and zinc supplementation on broiler chickens [99]. To do
so, they used supplementation with histidine (6.83 g/kg diet), either using the pure AA or spray-dried
blood cells (SDBC) rich in histidine (6.14 g/kg diet), with or without Zn. There was an increase in
anserine/carnosine content in muscle with the pure AA and with SDBC. Concerning enzyme activity,
supplementation of histidine enables an increase in superoxide dismutase activity in muscles, and
erythrocytes and glutathione peroxidase activity in plasma, compared to the control diet without
histidine supplementation.

In conclusion, the addition of histidine in the diet can increase carnosine and anserine and
improve meat quality.
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6. Effect of Histidine Level and Supplementation in Fish

6.1. Histidine Effect on Fish Growth

In grass carp fed a histidine-supplemented diet for two weeks (2.0 [control], 3.7, 5.9, 7.9, 9.8 and
12.2 g/kg diet), the dietary histidine requirement of young grass carp (279.1-685.4 g) was 7.63 g/kg,
based on growth performance [100]. Above this level, growth performance was lower (Figure 3).

180 - y =-1.8732x* + 28.581x + 31.271
R?=0.8462
el . 10
S 140 - :
£ 120 - |
ol 1
£ 100 - |
k. :
z 801 :\
- ]
5 60 i
e | =163
S 40 - ;
20 4
0 ; .

0.0 2.0 4.0 6.0 8.0 100 12,0 140
Dietary histidine levels (g'kg)

Figure 3. Quadratic regression of the weight gain percentage of grass carp as a function of
histidine dose [100].

In catfish, the requirement was demonstrated to be 3.7 +/-0.1 g/kg of histidine based on dry diet,
or 15.4 g/kg of histidine when expressed as a percentage of dietary protein. Dietary histidine caused
no increase in serum-free histidine levels until the dietary requirement was reached. Muscle
carnosine could not be detected in the catfish [101]. In Nile tilapia juveniles fed diets containing
graded levels of histidine (4.2, 5.4,7.1, 8.9, 9.8, and 11.5 g/ kg dry diet), the final weight, weight gain,
feed conversion ratio, protein efficiency ratio and net protein utilization were optimized in fish fed
8.9 g/kg of histidine kg. However, whole-body protein content was higher in fish fed 7.1 and 9.8 g/kg
of histidine kg dry diet. Contrary to mammals and birds, fish are able to recruit new muscles fibers
throughout their lifetime. Muscle growth can be modulated by different molecules as myogenic
regulatory factors. This study showed that myogenin expression was higher in fish fed 9.8 and 11.5
g/kg of histidine kg dry diet, compared to fish fed 4.2 to 7.1 g/kg of histidine kg dry diet [102]. These
results demonstrated that dietary histidine intake positively affects muscle growth.

6.2. Buffering Role of Histidine in Fish

Fish contain a large amount of free histidine and HRC. The HRC buffering capacity has been
studied by Abe and al. [103] in two fish species: rainbow trout (Salmo gairdneri) and the Pacific blue
marlin (Makaira nigricans). They found that HRC contribution to total cellular buffering varied from
a high of 62% for white marlin muscle to a low of 7% for red trout muscle. These results suggest that
the HRC buffering capacity depends on fish species and type of muscle. In red muscle, other principal
buffers are phosphate and protein with taurine. Buffering capacities of histidine could act through N
(alpha)-acetylhistidine (NAH) presence in very high concentrations exclusively in the brain and lens
of ectothermic vertebrates, including ray-finned fishes, amphibians and reptiles, but not in those of
endothermic birds and mammals. Although NAH is known to be synthesized from histidine and
acetyl-CoA by histidine N-acetyltransferase (HISAT; EC 2.3.1.33), the gene that encodes HISAT
remains unidentified. It was observed that 13 species (seven cichlids, five anabantids, and one catfish)
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contained considerable amounts of NAH in their skeletal muscles (>1 pmol/g). The highest level of
NAH (10.37 umol/g) was found in the tissue of Betta splendens (Siamese fighting fish). Moreover, the
NAH contents in the tissues of Trichogaster trichopterus (three spot gourami), Kryptopterus bicirrhis
(glass catfish), Oreochromis niloticus (Nile tilapia), Mikrogeophagus ramirezi (ram cichlid), and
Parachromis managuensis (Guapote tiger) were 3.17--6.16 micromol/g. The skeletal muscle of
amphibians (five species) and reptiles (four species) had a low level (< 0.25 pmol/g) of NAH [29].

6.3. Role of Histidine in Preventing Cataracts in Fish

Another functional aspect of histidine is its capacity to decrease the incidence and severity of
cataracts in fish. Cataracts are a major concern in the aquaculture industry. This function of histidine
was suggested after an outbreak of cataracts in rapid growth Atlantic salmon fed with feeds free of
blood meal, a good source of histidine in the diet [104].

N (alpha)-acetylhistidine (NAH) is a prominent biomolecule in the lens; lens NAH
concentrations directly reflect dietary histidine levels in Atlantic salmon. Dietary histidine appears
to be one of the important factors in preventing cataracts. The beneficial effects are related to high
levels of histidine and the buildup of NAH in the lens, which possess buffering and antioxidant
properties [105]. In cultured lenses, the concentration of NAH was significantly reduced in those that
were oxidatively stressed. Also, the innate antioxidative defense system was influenced by histidine
enrichment in the media through an increase of glutaredoxin expression [106]. NAH in lens has
moreover been reported to be involved in lens-water homeostasis. The volume homeostasis and lens
transparency were reported to be particularly important in both freshwater and seawater. NAH is
exported to ocular fluid where a specific acylase cleaves histidine, which is then actively taken up by
the lens and re-synthesized into NAH. Each NAH molecule released into ocular fluid down its
gradient carries 33 molecules of bound water, thus effectively transporting the water against a water
gradient. Therefore, NAH functions as a molecular water pump to maintain a highly dehydrated lens
and thus prevents cataract formation [107]. Dietary levels of histidine modulate lens NAH
concentration and have been found to prevent or slow the progression of cataract development.
Different studies have investigated the effect of dietary histidine on cataract severity and prevalence.
Trosse et al. [108], for instance, reported that lens N-acetyl histidine contents reflected dietary
histidine levels. They found that NAH contents were negatively correlated to cataract scores in adult
Atlantic salmon (1.7 kg) fed three different amounts of dietary histidine (9, 13, and 17 g histidine/kg
diet) for four months. Microarray analysis of the lens transcriptome revealed that among the
differentially expressed transcripts were metallothionein A and B (1.5-1.7), as well as transcripts
involved in lipid metabolism (Fatty acid-binding protein. Intestinal -2.1), carbohydrate metabolism,
regulation of ion homeostasis, and protein degradation. Similarly, in salmon smolts fed different
levels of histidine (10, 12, 14, 16 and 18 g histidine/kg diet) for 13 weeks, lens NAH concentrations
were positively correlated with histidine intake. Furthermore, cataract prevalence and severity were
negatively correlated with the dietary histidine concentration. The authors concluded that the
amount of dietary histidine that minimized the risk of cataract development was 14.4 g histidine/kg
of diet [107]. In an interesting experiment, Waagbg et al. [109] investigated the effects of histidine diet
content (9.3, 12.8 and 17.2 g/kg of diet) and feeding time period (June to July, July to September,
September to October) on cataract severity. They observed the development of severe cataracts
between July and September [109]. The cataract severity was directly related to the dietary histidine
level fed during the first and second periods. The authors concluded that the risk of cataract
development could be prevented by histidine supplementation just before and during the early phase
of cataract development.

7. Effect of Histidine Level and Supplementation in Ruminants

7.1. Effect of Histidine on Growth

Schoof et al. [110] explored whether histidine is the first limiting AA for growing ruminants. As
such, they used a canula to evaluate the effects of continuous duodenal infusion of histidine on the
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retention of nitrogen and AA (AA) utilization. They conducted three experiments. In experiments I
and II, young bulls were fed with a basal diet containing 125 g of crude protein/kg dry matter, infused
intraduodenally with 8 g histidine per day. In experiment III, growing bulls were fed with a low-
protein diet containing 94 g CP/kg dry matter, infused with 6 g of histidine per day. Results showed
that with the normal-protein or low-protein diet, there were no significant differences for N retention
between treatments with or without histidine infusion. The utilization of individual AA was
calculated with the ratio ‘retained AA to apparently digested intestinal AA’. They found that the
most used AA was histidine at 80%, followed by arginine (72%), methionine (60%), leucine (45%),
and lysine (44%) during periods without supplementation of histidine. The study concluded that
histidine from the basal diet was sufficient to maintain growth under the experimental conditions
employed. Nevertheless, in all AA present in the duodenum, histidine could be the first limiting AA
for growth [110]. Similarly, a study by Oldham [111] also concluded that histidine was the first
limiting AA in raising cattle with maize silage.

On the other hand, a study by Gabel and Poppe [112] used a factorial method to demonstrate
that the quantity of histidine present in the rumen and from the diet was insufficient to maintain
growth in young bulls.

7.2. Effect of Histidine on Milk Protein Synthesis

Gao and colleagues studied the effects of leucine and histidine, separately, on the mTOR
signaling pathway in milk protein synthesis [113]. To do so, they used CMEC-H (bovine mammary
epithelial cells) in Earle’s balanced salt solution (EBSS), devoid of AAs to eliminate the impact of
other AAs, and supplemented with Leucine (Leu) or histidine. Results showed that Leu and histidine
stimulated the expression of different casein forms: as-casein, -casein, and k-casein. This suggested
that Leu and histidine are limiting factors for milk protein synthesis. Subsequently, the authors
studied the effects of histidine on molecules involved in protein synthesis. It is well known that
mTOR is a key regulator of milk protein synthesis, and it seems that AAs play a role in mTOR
regulation due to a phosphorylation on Ser?. This study proved that there is another
phosphorylation site, Ser?#!, that is an indicator of mTOR pathway activation in CMEC-H. P-mTOR
was increased with addition of histidine in the full concentration range (0.15, 1.20, 4.80, and 9.60
mmol/L). They also studied the effects of histidine on Raptor and GBL, two other mTORC1
components. Their expression was also increased with histidine supplementation compared to the
control group. Concerning S6K1, an mTOR target, there was an increase in phosphorylation within
all concentration ranges. This result contrasts to what was found by Prizant and Barash [114], but is
in accordance with the study by Toerien et al. [115]. In the study by Prizant and Barash, CMEC
(bovine mammary epithelial cells) were incubated with histidine for ten minutes, while in Gao’s
work, they were incubated for six hours. Gao and al suggest that the lack of AAs in the medium
induced a stress and the supplementation of histidine improve cell survival before milk protein
synthesis. There was also an increase in P-4EBP1 with histidine supplementation, which is in
accordance with the fact that mTOR regulates protein translation by inducing the phosphorylation
of 4EBP1. Gao’s work seems to show that with the addition of histidine, there is an increase in casein
expression through activation of the mTOR pathway.

Another study investigated the effects of histidine-supplemented drinking water on the
performance of lactating dairy cows [116]. Their hypothesis was that a sufficient proportion of
histidine added to drinking water would have an effect on milk synthesis in lactating cows. Eight
dairy cows were fed with an ad libitum corn and alfalfa silage-based, total mixed ration. The cows
had access to water enriched with 0 or 2.5 g/L of histidine, in a crossover design of two periods of 7
days. When histidine was added to the drinking water, water intake increased from 85.1 to 92.1 L/d.
On the last day of each period, plasma samples were collected: the concentration of histidine was
increased from 14.6 to 21.6 pM, while the concentration of other AAs was not affected. Moreover, the
supplementation with histidine had an impact on milk yield with an increase of 1.7 L/d, and on
lactose yield with an increase of 90 g/d. This was accompanied by an increase in protein yield and a
decrease in fat percentage. However, the effect of water intake was not discussed.
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S. Hadrova et al. [117] evaluated the effect of histidine on milk yield and milk composition on
high-yield, lactating Holstein cows. The cows were fed with a histidine deficient diet (18% deficiency)
and with a diet supplemented in histidine at 13.6 g/d. The food intake did not differ between these
two treatments. In accordance with a study by Doelman et al. [116], the yields of milk, protein, casein
and lactose were significantly higher with histidine supplementation compared to the control group.
Their results seem to show that histidine could be a limiting AA for lactation in dairy cows, in cases
where the diet is composed of methionine, lysine, and leucine in proportions that meet requirements.

8. Conclusion

Histidine is an essential AA and its requirements have been derived from growth and AA
composition in tissues. In addition to its role in protein metabolism, histidine, as a functional AA, has
specific metabolic roles.

As such, when histidine is limiting in the diet in relation to the need for growth, its
supplementation can be associated with a better performance. When this supplementation provides
histidine beyond growth requirement, other benefits can be observed as described exhaustively in
this paper. However, when this supplementation provides histidine in excess, AA imbalance can
trigger a decrease in growth and food intake and other unwanted effects. These dose-effects of
histidine are summarized thereafter:

e In human, the daily requirement for histidine is 8 to 12 mg/kg of body weight per day in
adults, and the average intake in typical adult diets in Europe, USA and Japan was reported
to be between 30 to 35 mg/kg of body weight per day (2.12 and 2.40 g per day). Daily histidine
supplementation, under 2 g/daily, improves inflammation in overweight and obese people,
decreases feelings of fatigue, and increases concentration and efficiency at work. A daily
intake of 4 g decreases severity in atopic dermatitis disease. If the supplementation increases
up to 8 g of histidine, a severe anorexia is induced. Finally, supplementation with a large
dose, from 16 to 64 g/day, induces a decrease in taste and smell acuity, and the onset of
headaches, weakness, drowsiness, nausea, and memory disorder.

¢ In rodents, histidine supplementation up to 25 g/kg of diet is beneficial. A large dose of 50
g/kg of diet can have different adverse effects, such as a large decrease in body weight gain,
in food intake, and a growth retardation. Due to this negative effect, maximal tolerable dose
of histidine was fixed to 25 g/kg of the diet.

e In pigs, histidine, when combined with other amino acids, can improve performance and
amino acid balance in a context of low-protein diet

¢ In chickens, the major benefit of histidine supplementation is the increase in carnosine and
anserine in the muscle allowing an increase in anti-oxidant capacity.

¢ In salmonids, a beneficial effect of histidine supplementation is its capacity to decrease the
incidence and severity of cataracts.

e Inruminants, histidine supplementation induces an increase in milk yield and an increase in
milk protein synthesis.

To conclude, histidine supplementation can be interesting for different aspects depending on
the species. In humans, data suggest both clinical and nutritional interests of histidine
supplementation as a strategy to improve metabolic syndrome features, skin dysfunctions, and
memory. In animal production, histidine supplementation can be of interest to promote both the yield
and quality of end-products. The indispensability of histidine, and the accumulating evidence of its
importance in numerous physiological functions make histidine a unique AA which deserves further
consideration in both human and animal nutrition.
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