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Tryptophan is a rate-limiting essential amino acid and a unique building block of
peptides and proteins. This largest amino acid serves as the precursor for important
endogenous indoleamines such as serotonin, N-acetylserotonin and melatonin, which act
as neurotransmitters, neuromodulators and neurohormones. An enhanced synthesis of
these signaling molecules can improve health, quality-of-life and well-being. The main
metabolic pathway of tryptophan is the oxidation to bioactive kynurenines and niacin.
Kynurenic acid is the most potent endogenous anti-exitotoxic agent. Other highly relevant
pathways of tryptophan are the reversible transamination to indole-3-pyruvate with the
formation of the related indolic acids as well as the synthesis of indole compounds and
their derivatives by side chain cleavage.

The indolic acids act as potent protective antioxidant agents, whereas the indoles such
as indole, indoxyl and indoxyl sulfate are reactive compounds that are primarily studied
because of their potential toxicity. Research on the physiology and pathophysiology of
tryptophan metabolism has revealed a key role for the amino acid and its metabolites as
endogenous molecular master regulators of physiology and plasticity in development and
aging. The ratio of tryptophan to kynurenine is a key parameter reflecting endogenous
adaptation to stress determining inflammation and degeneration. Tryptophan metabolites
such as melatonin and structurally related agents such as indole-3-propionic acid act
as potent catalytic antioxidant and bioenergetic agents that facilitate regeneration and
protection against stress and aging.

Several indole compounds act as uremic toxins since these agents can induce radical
formation that is associated with enhanced oxidative stress and damage. The exploration of
the effects of these protective and toxic tryptophan-derived agents has revealed important
molecular mechanisms and mediators of adaptation and aging. Research on tryptophan in
nutrition and health can facilitate the development of new approaches to extending human
health and lifespan. Amino acids are the building blocks of life that enable repair as well
as recycling and regeneration in the body and the brain. Research on nutrients, including
amino acids such as tryptophan and its metabolites as well as peptides and proteins, or
extracts containing this molecular metabolism’s modifiers can improve health. Research
into the indololome is a new emerging and rapidly growing field of utmost relevance to
science and society.

The Special Issue on “Tryptophan in Nutrition and Health” reports on the broad field
of tryptophan research and has examined the key tryptophan pathways and their molecular
targets that mediate the effects of the amino acid and its metabolites on nutrition and health
(Figure 1).

The latest developments with the rapid progress in tryptophan research are the focus
of this collection of articles, and the studies herein demonstrate the relevance of tryptophan
and its metabolites that form the indobolome on nutrition and health. The discovery of
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a broad range of bioactive compounds derived from tryptophan can enable a better un-
derstanding of the unique role of this amino acid in physiology and development. New
methods have become available and allow us to establish a biomimetic precision pharma-
cology to prevent disease and protect health. The complexity of the current activities in
exploring the many different effects of tryptophan and its metabolites demonstrates the ne-
cessity for new approaches in targeting the physiology and pharmacology of indoleamines,
indoles and kynurenines. Bioavailability by food consumption, protein degradation or
colonic formation in symbiotic organisms seem to be key issues as tryptophan can induce
its own depletion, especially under conditions of stress and disease.
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This Special Issue contains seven reviews and nine original research articles that
conclusively demonstrate developmental programming and reprogramming [1], unique-
ness of tryptophan [2], the role of 5-hydroxytryptophan [3], tryptophan AhR-ligands in
the skin [4], the impacts of tryptophan metabolites on coronavirus pathophysiology [5],
tryptophan metabolism in organ transplantation [6], gut-derived 5-hydroxytryptamin [7],
effects of AhR-ligands on melanoma cells [8], effects of stress and escitalopram on genes
of the tryptophan catabolite pathways [9], formation of tryptophan derivatives by Saccha-
romyces cerevisiae [10], the relationship between tryptophan-related fluorescence in urine
and malignant melanoma [11], the effects of tryptophan supplementation on milk protein
synthesis and energy metabolism [12], the induction of tryptophan deficiency and dysbiosis
with associated increased systemic inflammation in aged mice [13], the effects of tyrosine
and tryptophan supplementation on diet-induced obesity [14], degradation products of
tryptophan [15], and the molecular interactions of nitrofurantoin and albumin [16].

The research not only demonstrates that only a sufficient supply of tryptophan can
improve, sustain and maintain health but also indicates that increased oxidative tryptophan
degradation can lead to the formation of toxic compounds that have detrimental effects.
Tryptophan is a double-edged sword, and interventions that modify its metabolism have to
be carefully designed to address the specific needs of the target population. The selective
improvement of tryptophan metabolism constitutes a great chance to meet the urgent chal-
lenge of chronic diseases associated with premature aging, inflammation and degeneration.
The decisive endogenous molecular mechanisms and mediators that affect and determine
the effects of tryptophan metabolism are covered by this Special Issue and allow for the
development of effective strategies to implement prevention, protection and therapy.
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Abstract: Nitrofurantoin is an antimicrobial agent obtained through the addition of a nitro group
and a side chain containing hydantoin to a furan ring. The interactions of the antibiotic with human
serum albumin (HSA) have been investigated by fluorescence, UV-VIS, Fourier transform infrared
spectroscopy (FTIR) spectroscopy, and protein-ligand docking studies. The fluorescence studies
indicate that the binding site of the additive involves modifications of the environment around
Trp214 at the level of subdomain IIA. Fluorescence and UV-VIS spectroscopy, displacement studies,
and FTIR experiments show the association mode of nitrofurantoin to HSA, suggesting that the
primary binding site of the antibiotic is located in Sudlow’s site I. Molecular modeling suggests that
nitrofurantoin is involved in the formation of hydrogen bonds with Trp214, Arg218, and Ser454, and
is located in the hydrophobic cavity of subdomain IIA. Moreover, the curve-fitting results of the
infrared Amide I’ band indicate that the binding of nitrofurantoin induces little change in the protein
secondary structure. Overall, these data clarify the blood transportation process of nitrofurantoin
and its rapid transfer to the kidney for its elimination, hence leading to a better understanding of its
biological effects and being able to design other molecules, based on nitrofurantoin, with a higher
biological potential.

Keywords: nitrofurantoin; antibiotics; human serum albumin; molecular interactions; FTIR; fluorescence

1. Introduction

The use of antibiotics is growing every year to such an extent that there is a global
effort for the development of novel therapeutics, from both a natural and synthetic origin,
to combat bacterial, fungal, and viral resistance, as well as for rediscovery of the so-called
“old drugs” [1]. Nitrofurantoin is a synthetic antibacterial agent widely used in the treat-
ment of urinary tract infections [2–4]. It has a bacteriostatic, and, at higher concentrations,
a bactericidal action on a wide range of Gram-positive and Gram-negative organisms;
in particular, >90% of clinical strains of E. coli and Citrobacter spp. are sensitive [2,3,5].
After oral administration, ~40–50% of the drug is absorbed, but this value increases when
nitrofurantoin is taken with food. Inside the organism, the drug is in part rapidly me-
tabolized by the liver, and in part excreted unmodified in the urine, where it reaches a
high concentration (50–250 mg L−1) [2,3,5,6]. Moreover, the trypanocidal activity of some
synthetic analogs has been recently described [7]. The nitrofurantoin mechanism of action
is complex and not well-understood, but appears to be linked to its rapid reduction by
nitrofuran reductase to multiple reactive intermediates that indiscriminately attack cellular
macromolecules (such us proteins and deoxyribonucleic acid) and influence metabolic
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energetic pathways inside the bacterial cells. On the other hand, nitrofurantoin also shows
an antibacterial activity when the nitro-reductase activity is inhibited, suggesting that it
may act, albeit in part, without this enzymatic reduction [8–10]. Some microorganisms,
such as several members of the Enterobacterales order (e.g., members of the Proteae) are
intrinsically resistant to nitrofurantoin, thus limiting the number of therapeutic alternatives,
especially for outpatients. Nevertheless, this resistance has become a parameter utilized
for their phenotypic identification/differentiation in the routine practice of microbiological
laboratories [11].

Human serum albumin (HSA) is the most abundant plasma protein and is the main
human carrier of several endogenous and exogenous compounds circulating in blood [12].
Therefore, the investigation of molecules based on albumin binding is of essential impor-
tance, taking into account that the bioavailability of many biologically active compounds
is correlated with this affinity. The binding oftentimes induces modifications of weak
interactions, which, in turn, can change the macromolecular structure and, sometimes,
increase its stability [13–20]. HSA is a globular protein with three homologous domains
(domains I-III) and a molecular weight of 66.5 kDa [21]. Each domain is divided into two
subdomains (A and B), characterized by the presence of a α-helices structure with multiple
ligand-binding sites localized in each of these subdomains [22–25]. Overall, the protein
is composed of 585 amino acids, and contains 17 disulfide bridges and one free cysteine
(Cys34). In this paper, the interactions between nitrofurantoin and HSA, carried out by
means of a multi-spectroscopic method, are shown, providing important information such
as the association and changes of the protein secondary structure. The potential site of in-
teraction and the residues involved have been analyzed by docking studies, corroborating
the data obtained experimentally.

2. Results
2.1. UV-VIS Absorption Spectra of the Nitrofurantoin−HSA Complex

UV-VIS spectroscopy supplies the first evidence of a nitrofurantoin-HSA interaction.
In the range of 220–480 nm, the nitrofurantoin spectrum is characterized by three main
absorption bands at 230 (shoulder), 270, and 380 nm (Figure 1A). The band at 270 nm is due
to the absorption of the conjugated C=N−N unit, while those at 230 and 380 nm are due to
π-π* transitions involving the nitro-substituted furan ring. The titration of nitrofurantoin
(60 µM) with a solution of HSA up to 60 µM showed remarkable changes within the range
260–460 nm. Indeed, we observed a clear hypochromic shift of the maximum of absorption
for the band at 380 nm, with the formation of two isosbestic points at 359 and 397 nm
(Figure 1B).

This intensity decrease at 380 nm may be due to the progressive inclusion of nitrofu-
rantoin to the HSA binding site, with the possible formation of a direct interaction between
the nitro-substituted furan ring and amino acid residues able to form hydrogen bonding
and apolar interactions. The titration of nitrofurantoin with HSA concentrations higher
than 60 µM did not show any significant change in the absorption band, suggesting that all
of the nitrofurantoin molecules are already involved in the interaction with HSA (data not
shown). These results let us to suppose that the interaction between the antibiotic and the
protein can be described with 1:1 stoichiometry. Less evident and of difficult interpretation
are the changes in absorption at 230 and 270 nm, due to the net increase of absorbance at
280, attributable to HSA that overlaps with the two bands.
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Figure 1. Interaction of nitrofurantoin with HSA monitored by UV-VIS spectroscopy. (A) UV-VIS
absorption spectrum of nitrofurantoin 60 µM; (B) UV-VIS absorption spectra of nitrofurantoin (60 µM)
in the absence (dark line) or in the presence of HSA 30 (red line), 45 (cyan line), or 60 (blue line) µM.
In the graph, the spectrum of HSA 30 µM alone is also reported (dashed grey line).

2.2. Fluorescence Characterization of Nitrofurantoin-HSA Complex

The intrinsic fluorescence of HSA and the nitrofurantoin-HSA complex is depicted
in Figure 2A, as well as that of HSA and warfarin, employed as the reference compound
(Figure 2B). HSA shows a well-defined fluorescence emission with a maximum at 350 nm,
due to the tryptophan residue (Trp214) present in the cavity of subdomain IIA (Sudlow’s
site I). In fact, although HSA has more tyrosine than tryptophan residues, it belongs to
the protein of class B, whose fluorescence emission derived from tryptophan by Forster’s
resonance transfer process. The antimicrobial agent was almost non-fluorescent under the
present experimental conditions. Its addition to the HSA solution gives a net decrease in
the fluorescence intensity, accompanied by a shift of the wavelength emission maximum (a
blue shift) in the albumin spectrum, as shown in Figure 2A. We also performed the same
experiment with warfarin (a well-known compound able to bind to HSA), highlighting a
similar fluorescence decease and blue shift (Figure 2B).
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Figure 2. Fluorescence emission spectra of HSA in the absence or presence of increasing concentra-
tions of nitrofurantoin (from 0 to 30 µM) (A) and warfarin (from 0 to 30 µM) (B) at 310 K.

Therefore, the area surrounding the tryptophan residue is highly hydrophobic. Fol-
lowing this, the well-known Stern-Volmer equation was employed to define the mechanism
of fluorescence quenching of nitrofurantoin:

F0/F = 1 + KSV[Q] = 1 + Kqτ0[Q]

where F0 and F are the fluorescence intensities of HSA in the absence and in the presence
of nitrofurantoin, Kq is the quenching rate constant, KSV is the Stern−Volmer dynamic
quenching constant, τ0 is the average lifetime of the fluorophore in the absence of quenchers,
and [Q] is the concentration of the quencher. The Figure 3A depicts the curves of F0/F
versus [Q] at different temperatures. The KSV values obtained at 293, 298, 304, 310, and
315 K are 2.48 (±0.32) × 104, 2.63 (±0.22) × 104, 2.7 (±0.18) × 104, 2.86 (±0.30) × 104, and
2.98 (±0.27) × 104 M−1, respectively. Nitrofurantoin is soluble in a buffer solution and this
may accelerate its diffusion rate and hence its collision with fluorophore.
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The fluorescence data were further examined using the modified Stern−Volmer equation:

F0

F0 − F
=

1
faKa[Q]

+
1
fa

where Ka is the modified Stern−Volmer association constant for the accessible fluorophores,
and fa is the fraction of accessible fluorescence. The linear regression analysis of F0/(F0-F)
versus 1/[Q] is shown in Figure 3B. The obtained Ka values are 2.55 × 104, 2.48 × 104,
2.28 × 104, 2.19 × 104, and 2.15 × 104 L mol−1 at 293, 298, 304, 310, and 315 K, respectively.
This shows that the binding constant is moderate and the effect of temperature is not
significant. The analysis of the plots showed that, at the tested concentrations, there is
a good linear relationship, indicating that the quenching mechanism is driven by the
formation of a complex.

2.3. Analysis of Binding Equilibrium

The binding ability of a compound to HSA is very useful for evaluating its biological
and, eventual, therapeutic potential, because it can also influence its stability and toxicity,
as well as the rapidity of the renal excretion. The independent bind of small molecules to a
set of equivalent sites on a macromolecule can be described by analyzing the equilibrium
between free and bound molecules using the following equation:

Log(F0 − F)/F = LogK + nlog[Q]

where K is the observed binding constant to a site and n is the number of binding sites
per HSA. In Figure 3C, the linear plot of log (F0-F)/F as a function of log[Q] at 310 K is
shown. The values of n are approximately equal to 1, which demonstrates that there is a
single class-binding site for nitrofurantoin in the proximity of the tryptophan residue.

The binding strength of a compound to HSA is one of the main elements in its
availability to diffuse in the organism and, through the circulation system, to reach its
target organ or to be eliminated by the organism [26]. The binding of a ligands to HSA and
proteins, in general, is often reversible with moderate affinities (binding constants in the
range of 1–15 × 104 L/mol) [27]. The binding constant (K) obtained at the physiological
temperature value (310 K) is 4.10 ± 0.02 × 104 L/mol, highlighting that the binding
between nitrofurantoin and HSA is moderate in strength, and the formation of the complex
is reversible. In this way, the antibiotic can be stored and carried around the body by
HSA. The moderate value of K indicates that the drug does not remain so much time
linked to HSA because other molecules with higher affinity compete with nitrofurantoin
for the binding, and this decreases its availability in the circulating system and probably is
responsible also of its rapid elimination.

2.4. Thermodynamics and Acting Forces

The binding of molecules to macromolecules involves mainly non-covalent inter-
actions (such as hydrogen bonds, van der Waals forces, hydrophobic, and electrostatic
interactions). These types of forces can be analyzed by determining the thermodynamic
parameters of the binding reaction [13,28–35]. Therefore, the thermodynamic parameters
dependent on temperature were calculated from the van’t Hoff plot to characterize the
forces acting between nitrofurantoin and HSA. When the temperature change is not very
large, the enthalpy change (∆H) of a system can be regarded as a constant. Under these
conditions, both the enthalpy (∆H) and entropy (∆S) changes can be evaluated from the
van’t Hoff equation:

LnKa = −∆H
RT

+
∆S
R

9



Int. J. Mol. Sci. 2021, 22, 8740

where R is the gas constant. The enthalpy change (∆H) is calculated from the slope of the
van’t Hoff plot (Figure 3D), while the entropy change (∆S) is calculated from the intercept.
The free energy change (∆G) is then estimated from the following equation:

∆G = ∆H− T∆S

The van’t Hoff plot for the evaluation of the thermodynamic parameters due to the
nitrofurantoin-HSA interaction is depicted in Figure 3D. The ∆H, ∆S, and ∆G values are
depicted in Table 1.

Table 1. Analysis of the thermodynamic parameters.

∆H. ∆S ∆G

(kJ mol−1) (J mol−1K−1) (kJ mol−1)

293 298 304 310 315

−3.93 ± 0.26 27.05 ± 0.85 −11.32 ± 1.25 −11.45 ± 1.11 −11.62 ± 1.13 −11.78 ± 1.41 −11.91 ± 1.72

The positive ∆S value is evidence for the formation of hydrophobic interactions, while
the negative value of ∆H suggests that the binding process is predominately enthalpy
driven and is probably due to hydrogen binding interactions. The negative ∆G values,
accompanied by positive entropy change (∆S), are indicative of a spontaneous process
during the binding of nitrofurantoin to HSA. Moreover, the free energy change in the
binding is a direct consequence of the strength of the interaction (such as protein molecules).
Therefore, both hydrophobic interactions and hydrogen bonds play a major role in the
binding of an antibiotic agent to HSA according to above mentioned data.

2.5. Fluorescence Displacement Binding Experiments

Warfarin, ibuprofen, and digitoxin, namely markers of HSA binding sites I, II, and III,
respectively, were employed to carry out displacement binding experiments and to gather
further information on the nitrofurantoin binding site. The fluorescence emission spectra
of nitrofurantoin-HSA complex spectra were recorded both in the absence and presence of
increasing concentrations of warfarin, ibuprofen, and digitoxin. As displayed in Figure 4,
The fluorescence of HSA-nitrofurantoin rapidly decreased after warfarin addition, whereas
it remained almost unvaried regardless of the presence of both ibuprofen and digitoxin. As
warfarin competes with nitrofurantoin for the same HSA binding site, this supports the
fact that the latter probably binds to the hydrophobic pocket situated in subdomain IIA
(Sudlow’s site I). These results are in line with those above reported, and suggest that the
residue Trp214 should be close or inside the binding site of nitrofurantoin.

2.6. Conformation Investigation by Fourier Transform Infrared Spectroscopy (FTIR) Spectroscopy

In order to investigate the modification of the HSA secondary structure after binding
to nitrofurantoin, as well as its mechanisms of interaction to the protein, we exploited FTIR
spectroscopy [36–41]. The HSA secondary structure is characterized by 67% α-helix, 10%
turn, and 23% extended chains. As shown in Figure 5, HSA exhibited a strong Amide
I′ band centered at around 1652 cm−1, corresponding mainly to the α-helix. In addition,
the interaction between nitrofurantoin and HSA brought about a change, as well as a
slight shift in band intensity, at both 1652 cm−1 and 1680 cm−1 of the FTIR spectra, thus
suggesting a rapid variation in the association and dissociation of nitrofurantoin. This was
further reinforced by the observed increase of absorbance values of both amide II’ and
amide II bands.
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Figure 4. Effect of site-specific ligands on the fluorescence of the HSA-nitrofurantoin complex. F1

and F2 are the fluorescence of HSA−nitrofurantoin in the absence and presence of the site markers,
respectively. Data represent mean ± SD (N = 3).
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Figure 5. FTIR absorption spectra of HSA at 310 K in absence (black line) or presence of nitrofurantoin
(red line) and warfarin (blue line). The arrows indicate the changes in the main amide bands after
interaction with nitrofurantoin or warfarin.

The absorption of these two bands arises from the amide bonds that link the amino
acids. The absorption is primarily due to bending vibrations of the N−H bond and,
because they are involved in hydrogen bonding occurring among the different elements of
a secondary structure (as well as in H–D exchange), they are sensitive to the changes in
secondary structure and to the interaction with the surrounding environment of the protein.

2.7. Molecular Modeling Study

Our computational modeling study was performed on a crystal structure of HSA
taken from the Protein Data Bank (entry PDB code 1GNI) in order to identify the possible
binding site of nitrofurantoin. Based on the displace experimental results and to further
define the binding site, the molecule docking simulation box was set on Sudlow’s site I. The
best energy ranked result (−5.43 kcal/mol) showed that nitrofurantoin may be situated
within subdomain IIA, formed by six helices, which is consistent with the supposition
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on the basis of our experimental results. The nitro group and the oxygen of the furan
ring established a hydrogen bond with Trp214 and Arg218, respectively, and the C=N−N
unit of hydantoin established a further one with Ser454 (Figure 6). The nitrofurantoin
ring is located within the binding pocket with the nitro group and the furan ring, which
protrudes from it. The hydrogen bond formed with Arg218 and Ser454, as well as the
one with Trp214, indicates that the interaction between nitrofurantoin and HSA is not
exclusively hydrophobic in nature, but involves ionic and polar interactions. Although
nitrofurantoin and warfarin bind to the Sudlow’s site I within in the subdomain IIA, they
do not share the same binding region. The warfarin binding region is located inside the
hydrophobic pocket of the IIA subdomain and, in its vicinity, there are four positively
charged residues (Lys199, Arg222, His242, and Arg257) and three apolar residues (Tyr150,
Leu238, and Leu260). Warfarin also forms three hydrogen bonds with Tyr150, Arg222, and
His242 [42–44].
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Figure 6. Binding site of nitrofurantoin to HSA. (A) The HSA structure is rendered with ribbons and
lines, while nitrofurantoin is rendered as space fill. The inset shows a magnification of the binding
site with nitrofurantoin represented using a stick model. The hydrogen bonds between the ligand
and the protein are shown in green and the distance is expressed in Å. (B) Representation of the
amino acid residues in the binding site with their van der Waals radii.

3. Discussion

The identification and characterization of novel antibiotics for clinical utilization is
one of the greatest challenges of current basic experimentation. Indeed, discoveries in
this field have always represented a remarkable achievement in the history of medicine.
Moreover, the development and diffusion of bacterial antibiotic-resistance, due to the
modification of different proteins and hence cellular processes (i.e., enzymatic degradation,
molecular target alteration, decrement of drug uptake, overexpression of specific efflux
pump proteins, etc.), is a major public health issue. Therefore, researchers are continuously
trying to develop new agents of both a natural and synthetic origin that are able to overcome
this resistance and fight the major issue bacterial infections still represent [45–47]. This may
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be achieved by enhancing the basic knowledge of biological processes and, sometimes, by
repurposing “old” drugs in order to overcome the most difficult periods. Nitrofurantoin
is an antibiotic widely used in medicine, but the analysis of the literature allowed us to
notice a lack of information regarding its blood transportation and its interaction/binding
with either serum/plasma proteins. The interaction and eventually binding with “carrier
proteins” (such as HSA) is fundamental for the evaluation of the biological potentials of
drugs, in general, and antibiotics, in particular, as it is actually one of the steps during
antibiotic drug development [48]. In our study, the obtained spectroscopic results clearly
highlighted the potentiality of HSA to bind nitrofurantoin and to drive it around the
circulating system. The binding involved the formation of weak interactions, in particular
between the nitro-substituted furan ring and amino acid residues able to form hydrogen
bonds and apolar interactions at the level of the hydrophobic pocket located in subdomain
IIA (Sudlow’s site I), as shown by UV-VIS and fluorescence spectroscopy. Moreover, the
data obtained for KSV in the Stern-Volmer dynamic quenching equation and the evaluation
of the other thermodynamic and kinetic parameters indicate that there is the formation
of a binary complex in a single site in the neighboring of a tryptophan residue. Both
hydrophobic interactions and hydrogen bonds are acknowledged to have a crucial role in
the binding of nitrofurantoin to HSA, as in the case of other antibiotics [49]. The binding
clearly affects the secondary structure of HSA, given the decrease in the percentage of
the α-helix structure, as well as the change in absorbance values of both amides I and
II after FTIR analysis. The vibration modes of these two bands are affected by both the
conformation and environment of the amide group. This increase is given by the H–
D exchange, which involves hydrogen within the core, thus justifying the formation of
transitory protein conformational states during the HSA-nitrofurantoin complex formation.
The increment of the amide II band may be a characteristic of hydrogen bonding formation
during this process. Indeed, this affects mostly N-H bending vibration, which contributes
exclusively to amide II vibration, which is more sensitive to H-D exchange. Starting from
these observations and following molecular modelling data, we have shown that weak
interactions play an important role in stabilizing the complex HSA−nitrofurantoin, and
shed light on the results obtained by UV-VIS and fluorescence spectroscopy. Moreover, the
hydrogen bond at the level of the C=N−N unit of nitrofurantoin with Ser454 contributes to
its orientation and spatial arrangement inside the Sudlow’s site I and provides experimental
evidence to explain the fluorescence quenching of HSA emission in the presence of the
antibiotic and the decrease in the absorbance of the band at 380 nm. Both changes are
probably attributable to the formation of the hydrogen bond of the nitro-substituted furan
ring with Trp214 and Arg218, influencing not only the quenching of HSA fluorescence,
but also the π-π* transitions observed by UV-VIS spectroscopy. As reported in the results,
both nitrofurantoin and warfarin bind to the same binding site and induce a change in the
secondary structure content of the protein, although both the region of interaction and the
mode of binding are different. This is due to the flexibility of this site and the possibility to
bind different molecules (such as large heterocyclic and negatively charged compounds) in
a specific zone, characterized by the presence of selected amino acid clusters.

4. Materials and Methods
4.1. Materials

Both HSA and nitrofurantoin were purchased from MERCH (Darmstadt, Germany,
Europe). We employed no fat-free HSA so as to resemble a much closer situation closer to
what occurs in vivo. Double distilled water was employed to prepare all of the solutions.

4.2. UV-VIS Spectra

UV-VIS spectroscopy was employed to study the interaction between HSA and nitro-
furantoin, adding increasing amounts of the former (up to 90 µM) to 60 µM of the latter in
a 20 mM phosphate buffer with pH 7.4. The absorption spectra were recorded from 220 to
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480 nm through a spectrophotometer with a quartz cuvette. The spectra of each buffer
solution were subtracted from the sample ones.

4.3. FTIR Spectra

Lyophilized HSA was dissolved in D2O at 298 K for 1 day and was lyophilized again.
This procedure was carried out twice for each sample. The FTIR spectra (1350 cm−1and
1750 cm−1) were measured through a Bruker Vertex 80 spectrometer under a vacuum,
after dissolving the samples in 20 mM phosphate buffer with pH 7.4 in D2O. The pD
value of the HSA solution was measured and corrected according to pD = pH + 0.4 for
deuterium isotope effects. A pair of CaF2 windows divided by a 25 µm Teflon spacers
were employed to place the protein solution (30 mg/mL), with or without nitrofurantoin
or warfarin. Sixty-four interferograms with a spectral resolution of 4 cm−1 were collected
for each sample. The IR spectra of the buffer with or without nitrofurantoin or warfarin
were subtracted from the spectra of the corresponding sample.

4.4. Data Analysis of FTIR Spectra

The HSA spectra with or without nitrofurantoin or warfarin were smoothed by em-
ploying the Loess algorithm, and the deconvolved spectra were fitted with Gaussian
band profiles. From these spectra, the initial values for the peak heights and widths
were assessed. For the final fits, the positions, heights, and widths of each band were
varied simultaneously. The curve fitting process was calculated through Seasolve PeakFit
v4.12 software.

4.5. Fluorescence Spectra

The fluorescence spectra were recorded using a FluoroMax-4 spectrofluorometer by
Horiba Jobin-Yvon, equipped with a pulsed xenon lamp and an F-3006 Autotitration In-
jector with two Hamilton Syringes (mods. Gastight 1725 and 1001 TLLX, with a 250 µL
and 1.0 mL capacity, respectively). The resolutions of the wavelength selectors and titrant
additions were 0.3 nm and 0.25 µL, respectively. The instrument was also equipped with a
Peltier Sample Cooler (mod. F-3004) controlled by a Peltier Thermoelectric Temperature
Controller model LFI-3751 (5 A–40 W). The whole system was controlled by the Fluo-
rEssence 2.1 software by Horiba Jobin-Yvon. The titrations were performed directly in a
Hellma type 101-OS precision cell (Light Path 10 mm), where a magnetic stirrer and the
anti-diffusion burette tip were placed in a position that would not interfere with the light
beam. The automatic data acquisition (fluorescence intensity vs. λ(nm) for each titrant
addition) was performed using the same FluorEssence 2.1 software. The excitation and
emission bandwidths were both 5 nm. The protein samples were excited at 280 and 295 nm
in order to characterize the possible different behavior of tryptophan and/or tyrosine
residues. It was observed that both spectra were similar. The rest of the experiment was
acquired by excitation at 280 nm and the emission spectra were recorded in the range of
300–400 nm. The potential interaction between nitrofurantoin and HSA was performed
by fluorimetric titration. A 2.0 mL solution containing 1.5 × 10−5 mol/L HSA in 20 mM
sodium phosphate buffer (pH 7.4) was titrated by a successive additions of nitrofuran-
toin stock solution (1.0 × 10−3 mol/L) to give a final concentration ranging from 0 to
3.0 × 10−5 mol/L. The fluorescence spectra were recorded at 293, 298, 304, 310, and 315 K
in the wavelength range of 300−400 nm with an excitation wavelength at 280 nm.

The displacement studies were carried out utilizing different site markers (war-
farin, ibuprofen, and digitoxin for sites I, II, and III, respectively). A solution of HSA
(1.5 × 10−5 mol/L) in a 20 mM sodium phosphate buffer (pH 7.4) containing nitrofuran-
toin at the same final concentration (1.5× 10−5 mol/L) was titrated by successive additions
of site markers solution (1.0 × 10−3 mol/L) to obtain overall site markers concentrations
ranging from 0 to 9 × 10−5 mol/L. Fluorescence spectra were recorded at 310 K in the
range of 300-400 nm with an excitation wavelength at 280 nm. The fluorescence of the

14



Int. J. Mol. Sci. 2021, 22, 8740

ternary mixture as a percentage of the initial fluorescence was determined according to the
method of Sudlow et al. [50]:

F2

F1
× 100

where F1 and F2 are the fluorescence of HSA−nitrofurantoin in the absence and in the
presence of the site markers, respectively.

4.6. Molecular Modeling Study

Docking calculations were carried out using AutoDock 4.2, and were graphically
rendered by PyMOL 2.5 [51,52]. The MMFF94 force field was used for energy minimization
of the ligand molecule (TC) using DockingServer. Gasteiger partial charges were added
to the ligand atoms. Nonpolar hydrogen atoms were merged and rotatable bonds were
defined. Docking calculations were carried out on an HSA protein model (PDB code
1GNI) and on nitrofurantoin, whose coordinates were taken from the ZINC database
(entry code 7997568). Essential hydrogen atoms, Kollman united atom type charges, and
solvation parameters were added with the aid of AutoDock tools. Affinity (grid) maps
of 50 × 32 × 40 Å grid points and 0.375 Å spacing were generated using the Autogrid
program. The AutoDock parameter set and distance-dependent dielectric functions were
used in the calculation of the van der Waals and the electrostatic terms, respectively.
Docking simulations were performed using the Lamarckian genetic algorithm (LGA).
Initial positions, orientations, and torsions of the ligand molecules were set randomly. All
of the rotatable torsions were released during docking. Each run of the docking experiment
was set to terminate after a maximum of 250,000 energy evaluations. The population size
was set to 150. The conformer with the lowest binding free energy was analyzed and used
for further determinations.

5. Conclusions

The present experimental work describes, for the first time, the binding of nitrofu-
rantoin to HSA. Our results may describe one of the mechanisms underlying the blood
transportation of this compound through our body up to the kidney for its elimination. The
binding reaction is spontaneous and involves hydrogen bond and hydrophobic interaction,
as highlighted by the changes in the thermodynamic parameters. The interactions were
confirmed through alterations in the UV−VIS absorption spectra of nitrofurantoin and
albumin and the quenching of the intrinsic fluorescence of the protein, probably due to the
hydrogen bond and apolar interactions with the nitro-substituted furan ring. In addition,
the nitrofurantoin binding site is located in the hydrophobic pocket of subdomain IIA
according to the site competitive study. Altogether, our results help to achieve a better
understanding of the pharmacokinetic of nitrofurantoin, in order to design analogous
molecules with a greater biological potential.
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Abstract: Serotonin, also known as 5-hydroxytryptamine (5-HT), is a metabolite of tryptophan
and is reported to modulate the development and neurogenesis of the enteric nervous system, gut
motility, secretion, inflammation, sensation, and epithelial development. Approximately 95% of
5-HT in the body is synthesized and secreted by enterochromaffin (EC) cells, the most common
type of neuroendocrine cells in the gastrointestinal (GI) tract, through sensing signals from the
intestinal lumen and the circulatory system. Gut microbiota, nutrients, and hormones are the
main factors that play a vital role in regulating 5-HT secretion by EC cells. Apart from being an
important neurotransmitter and a paracrine signaling molecule in the gut, gut-derived 5-HT was also
shown to exert other biological functions (in autism and depression) far beyond the gut. Moreover,
studies conducted on the regulation of 5-HT in the immune system demonstrated that 5-HT exerts
anti-inflammatory and proinflammatory effects on the gut by binding to different receptors under
intestinal inflammatory conditions. Understanding the regulatory mechanisms through which 5-
HT participates in cell metabolism and physiology can provide potential therapeutic strategies
for treating intestinal diseases. Herein, we review recent evidence to recapitulate the mechanisms
of synthesis, secretion, regulation, and biofunction of 5-HT to improve the nutrition and health
of humans.

Keywords: 5-hydroxytryptamine; serotonin; secretion; metabolism

1. Introduction

Serotonin, or 5-Hydroxytryptamine (5-HT), a metabolite of tryptophan (Trp), is an
important gastrointestinal (GI) regulatory factor with a wide range of physiological effects
on humans and animals [1–4]. Approximately 95% of 5-HT in the body is synthesized
and secreted by enterochromaffin (EC) cells in the GI tract. Once 5-HT is released into
the lamina propria, it is taken up by the epithelial cells through the serotonin reuptake
transporter (SERT). Next, 5-HT diffuses into the bloodstream, where it is taken up by
platelets and transported to peripheral target tissues. The physiological effects of 5-HT
have been considerably investigated, and 5-HT has been reported to play a crucial role
in GI regulation, particularly in intestinal motility and secretion [2]. The role of 5-HT in
gut inflammation has also been widely investigated [4–7]. An increased concentration
of 5-HT in the mucosa contributes to severe colitis. Serotonin has been shown to exert
anti-inflammatory and proinflammatory effects on the gut by binding to different 5-HT
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receptors in animal models of inflammatory bowel disease (IBD) and colitis [8]. New clues
have demonstrated that 5-HT exerts an anti-inflammatory effect on the gut by regulating
the expression of the 5-HT4 receptor, with beneficial effects on intestinal epithelial cell
barrier functions [4].

EC cells, which are specialized enteroendocrine (EE) cells that reside alongside the
epithelium lining the lumen of the digestive tract, can synthesize and secrete 5-HT [9–13].
As a chemosensor, EC cells convert physiological and chemical signals from the lumen into
biochemical endocrine signals through microvilli extending into the lumen and enzymes
and transporters stored in the apical parts of the enterocytes. Importantly, 5-HT secretion
in the gut is influenced by various factors such as nutrients, microbial community, host-
derived signaling hormones, and peptides, which in turn directly or indirectly affect immune
responses, nutrient metabolism, and intestinal homeostasis [14–16].

Gut-derived 5-HT and its various biological functions are receiving great interest from
investigators. Gut-derived 5-HT possesses a range of protective effects, such as modulating
gut motility and secretion, gut inflammation, liver regeneration, metabolic homeostasis,
and bone remodeling, etc. This review aims to elucidate the functional role of 5-HT in
and beyond the gut. We also provide an in-depth review highlighting the understanding
of various factors (gut microbiota, nutrition, and hormones) in the regulation of 5-HT
secretion. We hope that this review could lay a theoretical foundation for the application of
5-HT in nutrition, clinical medicine, and health.

2. Synthesis and Secretion of Gut-Derived 5-HT
2.1. 5-HT Synthesis

Only 20 of more than 700 amino acids (AAs) in nature are building blocks for proteins
in cells and traditionally categorized as nutritionally essential or nonessential for humans
and animals on the basis of growth or nitrogen balance [17,18]. Trp is one of nine nutrition-
ally essential AAs [19]. In addition to its role as a substrate for protein synthesis, Trp is an
important precursor for many compounds such as 5-HT, melatonin, and kynurenine [20].
Correspondingly, Trp and its metabolites play a key role in nutrition, reproduction, immune
system, and anti-stress responses [21–27]. The kynurenine and 5-HT pathways are two
main metabolic routes for Trp metabolism in mammals. Approximately 95% of the ingested
Trp is degraded into kynurenine, kynurenic acid, xanthurenic acid, quinolinic acid, and
picolinic acid through the kynurenine pathway. Additionally, approximately 1–2% of the
ingested Trp is degraded into 5-HT and melatonin through the 5-HT pathway [28]. There
are two major synthetic routes of 5-HT in the brain stem and peripheral neurons. Moreover,
approximately 95% 5-HT in human body is synthesized in the peripheral system, especially
in the GI tract [3,29]. Serotonergic neurons of the enteric nervous system and EC cells are
two separate sources of gut-derived 5-HT in the GI tract mucosa, of which 90% 5-HT is
synthesized in gut-resident EC cells, a subset of EE cells in the GI tract [30,31].

Trp hydroxylase (TPH), the specific serotonin-synthesizing gene, exists in two isoforms
(TPH1 and TPH2) [32,33]. Both TPH1 and TPH2 show Trp hydroxylating activity. TPH1 is
predominantly found in EC cells in the GI tract, whereas TPH2 is mainly expressed in the
central nervous system and serotonergic neurons [34]. TPH, a rate-limiting enzyme for 5-HT
production, plays a key role in the conversion of Trp to 5-hydroxytryptophan (5-HTP) [1,35].
5-HT is rapidly converted to 5-HT by aromatic L-amino acid decarboxylase (L-AADC)
in the next enzymatic step [36]. Vesicular monoamine transporter 1 (VMAT1), which
participates in 5-HT storage, is expressed by granules/vesicles in EC cells [37]. Newly
produced 5-HT compounded with chromogranin A (CGA), an acidic protein expressed in
response to 5-HT secretion, is stored in the VMAT1 vesicles of EC cells [38] (Figure 1). 5-HT
stored in the dense granules/vesicles near the basal border or apical membrane of EC cells
is released into the lamina propria or lumen when EC cells are exposed to intraluminal
pressure or chemical and mechanical stimulation [10,15]. The biosynthesis and metabolism
of gut-derived 5-HT are illustrated in Figure 1.
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serotonergic neurons convert tryptophan into 5-HTP through the rate-limiting enzymes, TPH1 and TPH2, respectively, and
the newly formed 5-HTP is rapidly degraded into 5-HT by L-AADC. The synthesized 5-HT and CGA are rapidly packaged
into vesicles through VMAT1. EC cells express sensory receptors by acting as chemosensors to continuously release 5-HT in
response to stimuli in the luminal environment, including chemical and mechanical stimulation, luminal pressure, and
nutritional and intestinal microbial metabolites and hormones. Most of the 5-HT is released into the extracellular space
from the bottom of EC cells, and a comparatively smaller amount of 5-HT is released into the lumen through the apical
membrane. The surrounding enterocytes take up 5-HT by SERT, and 5-HT is then metabolized to 5-HIAA through MAO in
the mitochondria. As a neurotransmitter, the synthetized 5-HT is packaged in synaptic vesicles in serotonergic neurons and
released into the synapse cleft. Serotonin exerts a high effect on the postsynaptic membrane through the 5-HT receptors and
reabsorbs on the presynaptic membrane through SERT. SERT is also detected in endothelial cells and platelets where 5-HT
entering into the lamina propria is taken up and then converted into 5-HIAA or transported to peripheral target tissues.
Trp, tryptophan; 5-HT, 5-hydroxytryptamine; TPH1, tryptophan hydroxylase 1; TPH2, tryptophan hydroxylase 2; 5-HTP,
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2.2. 5-HT Release and Inactivation

In serotonergic neurons, 5-HT is packaged in synaptic vesicles and then released into
synapse cleft [31]. In the gut, 5-HT is mainly released from the granules stored near the
basal border of the EC cell, and small amounts of 5-HT are released into lumen through
the apical membrane [35]. Once released by the EC cells, there are several possible routes
that 5-HT may take. 5-HT released into the lamina propria interacts with nerve terminals,
epithelial cells, and immune cells or may also be taken up into the enterocytes by SERT or
may enter the general circulation [39] (Figure 1).

5-HT is a positively charged molecule at physiological pH, which results in the failure
of transmembrane-mediated transport. SERT relies on Na+ and Cl− to reuptake 5-HT
released from serotonergic neurons. The driving force of the reuptake process is the
transmembrane ion gradient produced by Na+/K+-ATPase [40,41]. In the gut, 5-HT is also
transported into surrounding enterocytes through SERT and may then be degraded into
5-hydroxyindole acetaldehyde (5-HIAL) by monoamine oxidase (MAO); 5-HIAL is, then,
further transformed into 5-hydroxyindoleacetic acid (5-HIAA), which is finally excreted in
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urine [42–44]. MAO is found in the mitochondria and exists in two forms: MAO-A and
MAO-B. MAO-A has a higher affinity for 5-HT [35,45,46].

5-HT released from EC cells also enter in the general circulation and are taken up
by platelets via SERT. Approximately 95% of 5-HT in the blood is stored in platelets [8]
in granules together with ATP, ADP, and Ca2+ [35]. 5-HT absorbed by platelets reaches
the liver through portal circulation and is transported to peripheral target tissues through
bloodstream to regulate bone density [47], liver regeneration [48,49], obesity and energy
metabolism [50], and allergic airway inflammation [51]. One-third of 5-HT is converted
into 5-HIAA by MAO and excreted in urine, and the remaining 5-HT is degraded into
5-HTOglucuronide through glucosidase [35].

2.3. 5-HT Receptors

5-HT acts in the lamina propria or lumen in a paracrine manner. In the intestinal
epithelial cells or the mucosal afferent nerve of the lamina propria, 5-HT promotes intestinal
motility, peristalsis, and secretion through binding to 5-HT-specific receptors (5-HTRs);
5-HTRs are classified into seven families according to structure, function, and effectiveness
(5-HTR1–5-HTR7) [52,53]. Of note, the 5-HTR3 receptor is a ligand ion channel, and the
other six receptors are G-protein-coupled receptors (GPCRs) [54]. In the gut, compelling
evidence has shown that 5-HT regulates GI function by binding to different receptors
(5-HTR1, 5-HTR2, 5-HTR3, 5-HTR4, and 5-HTR7). The conventional actions of 5-HT and
its receptors in the GI tract are summarized in Table 1.

Table 1. Conventional effects of 5-HT and its receptors in the gastrointestinal tract.

Conventional Effect Pathway Mediated Receptors References

Motility and peristaltic reflex Activate ascending and
descending interneurons 5-HT3 and 5-HT4 receptor [2,55–57]

Secretion (bicarbonate and electrolyte)
Neural mediated or through
paracrine pathway acts on
nearby enterocytes

5-HT2, 5-HT3 and 5-HT4
receptor [58,59]

Pancreatic secretion and gastric emptying
Activate vago-vagal reflex and
act in synergy with
cholecystokinin (CCK)

5-HT2 and 5-HT3 receptor [60–62]

Vasodilation
Locally regulate blood vessel
diameter through intrinsic
reflex circuits

5-HT3 and 5-HT4 receptor [2,63]

Inflammation

The pro-inflammatory actions
by promoting an
inflammatory offensive to
protect the gut from invasion
and the anti-inflammatory
actions by inducing
neurogenesis

5-HT1A, 2A, 2B, 2C, 5-HT3,
5-HT4, and 5-HT7 receptor [4–6,64–66]

Neurogenesis and enteric protection Play an important role though
Neuronal 5-HT 5-HT4 receptor [67–69]

Mucosal growth
Serotonergic neurons project
submucosal cholinergic
neurons

5-HT2A receptor [70,71]

3. 5-HT in the Gut

EC cells are considered as “sensor cells” that have the ability to sense the luminal
nutrients and non-nutrient chemicals, mechanical stimulations, and signals from the gut
microbiota to release 5-HT [12,35,72]. Additionally, EC cells are stimulated to trigger
the release of 5-HT in response to high intraluminal pressure changes in pH in the gut
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lumen [73–75]. Over the past decade, many studies have demonstrated that the stimulation
of the intestinal cavity by gut microbiota, nutrients, and hormones could stimulate EC cells
to release 5-HT. Therefore, we have described the effect of gut microbiota, nutrients, and
host-derived hormones on the secretion of 5-HT in greater details.

3.1. Gut Microbiota and 5-HT Release

Gut microbiota are a complex and dynamic population of microorganisms that inhabit
the GI tract of humans and other mammals [76]. Over the past decade, gut microbiota
have received considerable attention because of their functional role in regulating host
physiology, metabolism, and immunity [77,78]. Emerging evidence has also shown that
the gut microbiota play a critical role in regulating host 5-HT secretion in EC cells by
interacting with various compounds produced by the host or gut microorganisms [76].
Short-chain fatty acids (SCFAs), as markers of bacterial metabolism [79], enhance colonic
TPH1 mRNA expression by interacting with EC cells [16]. This finding is consistent with
previous research that intraluminal administration of SCFAs into the proximal colon sig-
nificantly augments the release and production of 5-HT by accelerating colonic transit
through stimulating 5-HTR3, and thereby, promoting colonic contraction [80]. In contrast,
5-HT production following the stimulation of EC cells by SCFAs via triggering the en-
try of extracellular Ca2+ is unchanged [14], which indicates that the interaction between
microorganisms and the host plays an indispensable role in 5-HT secretion. A study
conducted by Yano et al. demonstrated that microbial-specific metabolites such as SC-
FAs, α-tocopherol, tyramine, and p-aminobenzoate promote TPH1 expression and 5-HT
release [81]. These results suggest an association between gut microbiota communities
and host in regulating the basic biological processes through 5-HT [81]. Many different
types of GPCR sensors of microbial metabolites are expressed in colonic EC cells, including
olfactory receptor 558 (Olfr558), free fatty acid receptor 2 (FFAR2), olfactory receptor 78
(OLF78) that senses SCFAs, G-protein-coupled receptor 35 (GPR35) that senses small aro-
matic acids, G-protein-coupled bile acid receptor 1 (GPBAR1) that senses secondary bile
acids, and G-protein-coupled receptor 132 (GPR132) that senses lactate and acyl amides.
These receptors are activated in the process of 5-HT secretion by various gut microbial
metabolites [10,13].

Most 5-HT is produced by EC cells, and a small amount of 5-HT is synthesized by
a deconjugation process of glucuronide-conjugated 5-HT by a bacterial enzyme such as
β-glucuronidase [12]. The gut microorganisms metabolize various substances through
their interaction with the host, thereby affecting the release of 5-HT. The elucidation of
the gut microbiome and host genetics in the past 10 years has helped to clarify the rela-
tionship between gut microbiota and the physiological and pathological conditions of the
host. Consequently, the mechanism of microbial dependence that affects the physiological
function of the host is likely to be elucidated, which would be beneficial to find methods
for using gut microbial intervention to improve body health. Jonathan et al. reported
that Escherichia coli Nissle 1917, one of the currently available probiotic bacteria, regulates
THP1 through the interaction between host and probiotics by enhancing 5-HT level and its
bioavailability in ileal tissues [42]. Because of the complexity of the gut microflora, bene-
ficial bacteria promote body health through the 5-HT system, while pathogenic bacteria
may cause intestinal diseases by damaging the intake of 5-HT. Enteropathogenic E. coli,
a foodborne pathogen, inhibits SERT activity by reducing protein tyrosine phosphatase,
and the damaged SERT function is associated with infectious diarrheal diseases [82]. Many
studies have confirmed that the gut microbial flora and its particular metabolites influence
the biosynthesis of 5-HT. However, it is largely unknown whether the alteration of 5-HT
level caused by host–microbiota interaction in turn affects the colonization, growth, or
adaptation of enteric microorganisms. Therefore, much work is required to investigate the
metabolic pathway and molecular mechanisms of microbial metabolites in regulating 5-HT
levels in the gut.
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3.2. Nutrients and 5-HT Release

The specialized EE cells are dispersed as single cells scattered throughout the ep-
ithelium of the GI tract from the stomach to the rectum and are considered as the largest
endocrine system of the human body [83]. EE cells regulate various physiological and
homeostatic functions both within and outside the gut by secreting various hormones
and peptides [84]. EC cells represent around 50% of all EE cells that sense diverse dietary
nutrients and metabolites to produce ~95% of total body 5-HT [14]. Studies conducted
on human primary colonic EC cells and BON cells (immortalized cell line models of EC
cells) found that 5-HT is released from EC cells in response to stimulation of luminal
nutrients [11,14,15,85]. Unlike human primary colonic EC cells, BON cells release 5-HT
following the stimulation of luminal D-glucose through sodium-glucose-linked transporter
1 (SGLT1) [86]. Additionally, the sensing of glucose in the lumen is related to the expression
of SGLT3 in EC cells, which results in the release of 5-HT [87,88]. Ingested food components
are digested by digestive enzymes into a form that can be absorbed into the bloodstream.
Glucose is the main form of carbohydrate absorbed by mammals and serves as a luminal
substance to trigger several key events in the physiological regulation of the intestinal
tract [89].

As a chemosensor in the GI mucosa, EC cells release 5-HT by sensing the presence
of glucose, thereby inhibiting gastric emptying and food intake by activating 5-HTR3 on
exogenous afferent nerves of rodents and humans [60,90]. Intriguingly, the nutrient sensing
capacity of EC cells in 5-HT secretion from the mouse duodenum and colon is region-
specific. Carbohydrate absorption is generally achieved over the entire small intestine, and
only a small amount of glucose reaches the colon. Correspondingly, EC cells in the colon
are more sensitive to glucose than those in the duodenum [14], as glucose transporter 1
(GLUT1) is highly expressed in colonic EC cells, while glucose transporter 2 (GLUT2) is
abundantly expressed in duodenal EC cells [11]. The low glucose availability leads to the
upregulation of GLUT1, which is a high-affinity and low-capacity glucose transporter. On
the other hand, GLUT2, a low-affinity and high-capacity glucose transporter, is upregulated
in a high concentration of glucose [91].

Zelkas et al. reported that 5-HT-secreting EC cells show enormous diversity in re-
sponse to acute and chronic changes in glucose availability [92]. Acute exposure to high
concentration of glucose results in 5-HT release from EC cells, which involves the entry of
Ca2+ and an increment in the number of vesicles for exocytosis. Chronic exposure to fasting-
related levels of glucose leads to the enhancement of 5-HT synthesis through transcriptional
regulation of TPH1. Consistently, food deprivation enhances gut-derived 5-HT synthesis
accompanied by enhancement of lipolysis in adipocytes and liver gluconeogenesis, as well
as prevention of glucose uptake in hepatocytes [93]. The enhancement of 5-HT synthesis
in response to the elevated level of luminal glucose after feeding promotes gut motility
and peristaltic reflex through the activation of ascending and descending interneurons to
facilitate digestion. 5-HT also plays a pivotal role in enhancing body fat degradation and
liver gluconeogenesis during fasting, which contributes to the maintenance of the blood
glucose level.

3.3. Hormonal Control of 5-HT Release

The enteroendocrine system is responsible for secreting a diverse range of gut hor-
mones, which play a highly important role in the physiological regulation of the GI tract [84].
EC cells coexist closely with other EE cells, instead of existing in “one cell type” solitarily
along the length of the GI tract. A recent discovery is that EE cells communicate with EC
cells locally through paracrine action in the gut [94]. The glucagon-like peptide 1 (GLP-1)
receptor is particularly highly expressed in EC cells. The neighboring GLP-1-storing EE
cells secrete GLP-1, and GLP-1 then stimulates EC cells to release 5-HT through the activa-
tion of GLP-1 receptors [13]. The GLP-1 receptor agonist has been reported to release 5-HT
in both small intestine and colon. Of note, the spontaneous secretion of 5-HT was higher in
the duodenum when compared with that in the colon. However, a significant enhancement
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in 5-HT release was detected with the treatment of a GLP-1 receptor agonist both in the duo-
denum and colon [13]. Moreover, it has been reported that 5-HT enhances nutrient-induced
GLP-1 release from ileal segments through a process involving interactions with 5-HT
receptors [95]. Using the intestinal secretin tumor cell line (STC-1) for further exploration
in vitro, results revealed that 5-HT (30 or 100 µM) significantly enhanced GLP-1 secretion
in STC-1 cells when compared with control group. Additionally, the non-specific 5-HT
receptor antagonist asenapine inhibited the 5-HT-promoted GLP-1 release, which supports
the 5-HT receptor-mediated mechanism [95]. Further studies are needed to investigate
the interaction and mechanisms between the secretion of 5-HT and GLP-1. EC cells are
also sensitive to endogenous regulatory molecules. Norepinephrine-mediated stimulation
of EC cells activates alpha-2A adrenergic (Adrα2A) receptors through catecholamines,
which leads to chronic visceral hypersensitivity [10]. Hormone crosstalk exists between gut
mucosal EC cells and the neighboring enterocytes within the epithelium, but its complex
effects remain unknown.

4. Physiological and Pathophysiological Role of Gut-Derived 5-HT
4.1. 5-HT and Gut Inflammation

Accumulating evidence through clinical and animal studies indicates that 5-HT, as a
signaling molecule in the intestine, plays a pivotal role in intestinal inflammation (Figure 2).
5-HT signaling has been investigated in an animal model of intestinal inflammation, in-
cluding 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis [96] and ileitis [5,97–99],
dextran sodium sulfate (DSS)-induced colitis [4,100], and trichinella spiralis infection-
induced intestinal inflammation [101]. Several studies have revealed that 5-HT is a key
proinflammatory signaling molecule in gut inflammation because of the enhanced con-
centration of intestinal 5-HT and downregulation of SERT expression under intestinal
inflammation [6,65,102,103]. Because of the knockout of TPH1, the concentration of 5-HT
in the GI tract was significantly reduced, followed by alleviation in clinical severity and
histological damage scores by pharmacological adjustment of mucosal 5-HT in DSS- or
dinitrobenzene sulfonic acid (DNBS)-induced colitis [104]. Consistently, several studies
have reported that a THP1 or TPH inhibitor alleviates the severity of colitis and plays
a protective role in colitis [105,106]. Additionally, SERT transcription is reduced during
intestinal inflammation, which contributes to impaired absorption of 5-HT [2,107].

5-HT plays an important role in the proinflammatory or anti-inflammatory process
through binding to different receptors [5,64]. The anti-inflammatory role of 5-HT is ac-
companied by the activation of epithelial 5-HTR1A and 5-HTR4. Compared to control,
the severity of experimental colitis in mice was enhanced through intraluminal adminis-
tration of a 5-HTR1A and 5-HTR4 antagonist [4,64]. Upregulation of 5-HTR4 expression
protects the large intestine from DSS- or TNBS-induced colitis by maintaining epithelial
integrity, stimulating the proliferation of crypt epithelial cells, and reducing apoptosis [64].
A study reported that treatment with a 5-HTR2A antagonist (Ketanserin) alleviates intesti-
nal inflammation by improving gut integrity, reducing the production of inflammatory
cytokines in macrophages, and inhibiting the activation of nuclear factor-κB (NF-κB) in
experimental colitis; this result further confirmed the deleterious role of 5-HTR2A on
intestinal inflammation [108]. However, the 5-HT receptors involved in the proinflamma-
tory and anti-inflammatory processes reported in the current literature are contradictory.
Spohn et al. demonstrated that chemical activation of 5-HTR4 reduced the severity of
TNBS- and DSS-induced colitis [64]. In contrast, Rapalli et al. found that the inhibition of
5-HTR4 improves the progression and pathological outcome of TNBS-induced colitis, thus
suggesting the detrimental effect of 5-HTR4 on TNBS-induced colitis [5]. Kim et al. also
reported that the inhibition of 5-HTR7 signaling reversed acute and chronic colitis induced
by DSS or TNBS [109]. In contrast, several research studies have demonstrated that the
development of colitis was not affected by 5-HTR7 [4,5]. Thus, further studies are required
to determine the role of 5-HT receptors on experimental colitis to reveal the association
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between 5-HT receptors and the downstream signaling pathways under inflammatory
conditions (Figure 2).
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Figure 2. The role of gut-derived 5-HT under inflammatory condition and inflammatory condition. THP1 and SERT
expression, as well as 5-HT release can be altered under inflammatory condition. Enhanced 5-HT promotes recruitment of
immune cells, such as natural killer cells, dendritic cell, macrophages, and neutrophil during inflammation. Subsequently,
enhanced cytokines production is released from immune cells, which can promote inflammatory response. Upwards
pointing arrows indicate an enhancement, and downwards pointing arrows indicate a decrease. 5-HT, 5-hydroxytryptamine;
TPH1, tryptophan hydroxylase 1; SERT, serotonin reuptake transporter.

The immune response to inflammation involves the extensive proliferation of immune
cells and aberrant production of immune mediators and cytokines such as tumor necrosis
factor (TNF)-α, interferon (IFN)-γ, interleukin (IL)-1β, IL-6, and IL-8 and their related
signaling pathways [110,111]. 5-HT receptors have been identified in human and rodent
immune cells [44]. EC cells are in close proximity with immune cells in the gut mucosa,
suggesting the existence of interaction between EC cells and immune cells [112]. Immune
cells, including dendritic cells, macrophages, neutrophils, lymphocytes, and B lymphocytes,
proliferate in the 5-HT-mediated proinflammatory response [4,113], suggesting that 5-HT
plays a vital part in the immune response. Recent studies have shown that 5-HT signaling
is altered by proinflammatory cytokines such as TNF-α, IL-1β, IL-6, and IFN-γ, as well
as the anti-inflammatory cytokine IL-10 by regulating the expression and function of
SERT. Intriguingly, several studies have found that IFN-γ, TNF-α, and IL-6 and a low
concentration of IL-10 caused a significant decrease in the function and activity of epithelial
SERT [4,114–116].
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4.2. 5-HT and Liver Regeneration

5-HT acting on the liver is entirely derived from the gut because of the lack of 5-
HT synthesis capacity in hepatocytes [117]. 5-HT activated in platelets is released in
the liver and mediates liver regeneration after partial hepatectomy and inhibits liver
regeneration in the TPH1 gene knockout mice [48,49]. Liver regeneration was mediated
by promoting DNA synthesis and cell proliferation through acting on 5-HTR2 [118] and
5-HTR7 [119,120]. Another study revealed that SERT knockout in platelets has no effect
on liver regeneration, thus indicating that the extremely low level of 5-HT in plasma is
sufficient for liver regeneration [121].

4.3. 5-HT and Energy Homeostasis

Metabolic homeostasis is regulated by nerves and hormones. Several recent studies have
shown that 5-HT, an important endocrine substance and hormone, regulates the metabolic
function of many tissues and influences obesity and energy metabolism [1,50,122,123]. The
liver, a pivotal organ in an organism’s metabolism, plays a central role in regulating
plasma glucose metabolism and energy metabolism [124]. 5-HT cannot be produced
by hepatocytes; hence, all the peripheral 5-HT in the liver is derived from the gut. A
previous study revealed that 5-HT produced during fasting promotes gluconeogenesis
by enhancing the activity of two key gluconeogenesis rate-limiting enzymes (glucose 6-
phosphatase and fructose 1,6-bisphosphatase) through 5-HTR2B [93]. The cyclic AMP that
is the downstream of 5-HTR2B is enhanced at transcriptional level after the elevated activity
of two key enzymes; subsequently, cAMP-dependent protein kinase A (PKA) and CREB
are activated [125]. Additionally, gut-derived 5-HT in hepatocytes prevents glucose uptake
in a GLUT2-dependent manner, thereby further favoring the maintenance of blood glucose
levels [93]. Because TPH1 is expressed in adipocytes, the regulation of 5-HT in adipose
tissue is more complicated than that in the liver. TPH1-produced 5-HT in adipocytes
regulates the metabolism of adipose tissue through local autocrine signals [50,126,127]. In
white adipocytes, 5-HT synthesized in EC cells enhances the phosphorylation and activity
of hormone-sensitive lipase (HSL) through binding to the 5-HT2B receptor, therefore
elevating circulatory free fatty acids and glycerol [93]. There are two possible pathways
to promote lipolysis and inhibit lipogenesis: (1) HSL is activated indirectly by cAMP and
cAMP-dependent protein kinase A (PKA); (2) perilipin is phosphorylated by PKA and,
consequently, stimulates phosphorylation of HSL [128]. Enhanced glycerol acts as a fuel
of gluconeogenesis and is converted into acetyl-CoA by β-oxidation for the synthesis
of ketone bodies [1]. Because of the complexity of the serotonergic system in adipose
tissue, more studies are required to elucidate the underlying responsible role for 5-HT in
the future.

4.4. 5-HT and Bone Remodeling

5-HT and its role in bone metabolism are receiving great interest from researchers.
Bone remodeling and renewal is a highly integrated process, which includes bone resorp-
tion through osteoclasts and bone formation through osteoblasts. These two processes
are dynamically balanced, which contributes to the maintenance of bone [129]. Low-
density lipoprotein receptor-related protein-5 (Lrp5) is essential for Wnt signaling to form
bones [130–132]. Previous studies have reported that Lrp5 is expressed in osteoblasts
and EC cells in the GI tract [133]. However, Lrp5 could act in EC cells in the gut, not in
osteoblast, to regulate bone-mass accrual via a Wnt-independent pathway [134]. Lrp5
inhibits the expression of TPH1, thereby reducing 5-HT concentration in the blood. Less
5-HT binds to 5-HTR1B in osteoblasts and 5-HTR1B signaling is reduced in osteoblasts.
As a result, the expression and function of cyclic AMP response element binding protein
(CREB) is enhanced, which promotes cyclin expression and results in enhanced osteoblasts
differentiation and proliferation [134]. In this process, 5-HT derived from the GI tract and
transported through the circulation is detrimental to bone formation through inhibiting
osteoblast proliferation [134] (Figure 3). Consistently, some studies have supported that

27



Int. J. Mol. Sci. 2021, 22, 7931

gut-derived 5-HT could suppress bone growth in rats [135,136]. Thus, pharmacological
inhibition of gut-derived 5-HT synthesis through the inhibitor of THP1 may be a potential
bone anabolic treatment for low bone mass [137,138]. Additionally, there are conflicting
results in the model where Lrp5 regulates bone mass through duodenal 5-HT. A study
conducted by Cui et al. demonstrated that gut-derived 5-HT synthesis is not associated
with Lrp5 [131]. Growing evidence has shown that 5-HT plays an important role in bone
metabolism. However, because of the different synthesis sites of 5-HT, including brain-
derived 5-HT [139], gut-derived 5-HT [134,137,140], and bone-derived 5-HT [141], 5-HT
has different roles in bone metabolism (Figure 3).
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Figure 3. The action of Lrp5 and 5-HT on the regulation of bone formation. Lrp5 inhibits the
expression of TPH1 in cells. As a result, reduced 5-HT concentration in circulation reduces 5-
HTR1B signaling in osteoblasts. Cyclic AMP response element binding protein (CREB) and cyclin
expression is enhanced, which favors osteoblasts proliferation and bone formation. Lrp5, low-density
lipoprotein receptor-related protein-5; 5-HT, 5-hydroxytryptamine; CREB, cyclic AMP response
element binding protein.

5. Conclusions

5-HT synthesized in EC cells has been recognized for decades as an important signal-
ing molecule in the gut. It is well known that 5-HT derived from neurons and EC cells is
involved in the regulation of GI peristalsis, sensation, and secretion. Approximately 95%
of 5-HT in the body is synthesized and secreted by EC cells in the GI tract. The findings of
several studies have suggested that gut microbiota, nutrients, and hormones could stim-
ulate EC cells to release 5-HT. New clues from recent studies expand our understanding
of the functional role of gut-derived 5-HT in and far beyond the gut. As an important
neurotransmitter and hormone in the GI tract, research on 5-HT is increasing, but the
underlying mechanisms of the relationship between 5-HT and physiological actions in the
body remain largely unclear. Therefore, it is essential to highlight the functional role of
5-HT and various factors (gut microbiota, nutrients, and hormones) in the regulation of
5-HT secretion in order to facilitate the application for 5-HT in nutrition, clinical medicine,
and health.
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interleukin; L-AADC, L-amino acid decarboxylase; Lrp5, low-density lipoprotein receptor-related
protein-5; NF-κB, nuclear factor-κB; Olf558, olfactory receptor 558; OLF78, olfactory receptor 78;
SCFAs, short-chain fatty acids; SERT, serotonin reuptake transporter; SGLT1, sodium-glucose-linked
transporter 1; SGLT3, sodium-glucose-linked transporter 3; TPH 1, tryptophan hydroxylase 1; THP2,
tryptophan hydroxylase 2; TNBS, 2,4,6-trinitrobenzene sulfonic acid; TNF, tumor necrosis factor; Trp,
tryptophan; VMAT1, vesicular monoamine transporter1.
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Abstract: Biomanufacturing processes may be optimized by storing cell culture media at room
temperature, but this is currently limited by their instability and change in color upon long-term
storage. This study demonstrates that one of the critical contributing factors toward media browning
is tryptophan. LC-MS technology was utilized to identify tryptophan degradation products, which
are likely formed primarily from oxidation reactions. Several of the identified compounds were
shown to contribute significantly to color in solutions but also to exhibit toxicity against CHO cells.
A cell-culture-compatible antioxidant, a-ketoglutaric acid, was found to be an efficient cell culture
media additive for stabilizing components against degradation, inhibiting the browning of media
formulations, and decreasing ammonia production, thus providing a viable method for developing
room-temperature stable cell culture media.

Keywords: tryptophan; color; cell culture media; LC-MS; antioxidant; cytotoxicity; biomanufacturing

1. Introduction

One strategy for improving biopharmaceutical manufacturing processes is to optimize
cell culture media (CCM). The latest drive in the industry is to improve the chemical
stability of hydrated media against degrading conditions such as exposure to light and
increased temperatures. Detrimental light exposure can be encountered unintentionally in
the transport and storage of CCM or during the cell culture itself, as modern cell culture
bioprocesses are often carried out in reaction vessels that are exposed to light [1,2]. It
is standard practice to maintain CCM at 4 ◦C prior to use, but the design of hydrated
CCM that are stable at room temperature (RT) may decrease the energy consumption by
eliminating the need for refrigeration. This optimization of CCM stability involves both
developing methods to detect critical changes to CCM that can negatively impact cell
culture [3,4] and using this information to discover strategies to mitigate such changes.

When exposed to stressed conditions (e.g., light, heat), sensitive CCM components
decompose and new degradation products are generated. This chemical change in the
media composition can often be directly observed by a change in the color of the media.
This is a greater issue for feeds of a fed-batch process than for basal media, due to the
higher concentration of components. This color change is not only a warning signal for
a chemically altered CCM but is of added concern for the potential to alter the color of
the drug product, a critical quality attribute (cQA) of therapeutic monoclonal antibodies
(mAbs). The ability of degraded CCM components to alter the color of the mAb product
was best demonstrated by Prentice et al., who showed that the light-induced degradation
of cyanocobalamin (vitamin B12) to hydroxocobalamin caused the mAb product to become
pink-colored [5]. However, while many reports explore the contributions of particular
CCM components and specific degrading conditions to mAb coloration [5–8], researchers
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have yet to explore the coloration of CCM itself. The color change associated with the
degradation of some cell culture media components has been reported, such as for the
Maillard reaction of amino acids (AAs) and glucose, which leads to highly oxidized, highly
colored organic compounds [9–11]. Other common organic CCM components shown to
produce colored degradation products are thiamine [12,13] and tryptophan [14,15]. The
instability of CCM components is not only an issue for color production, but also for the
potential production of toxic degradation products, which would be detrimental to cell
culture. Methods to inhibit color change in CCM when exposed to stressed conditions (e.g.,
heat, light) may also then mitigate the production of toxic degradation products, which
would be an additional benefit for the biomanufacturing industry.

In this study, the major organic compounds (i.e., amino acids and vitamins) in a
feed, developed for CHO-based bioproduction, were investigated for their contribution to
coloration (also known as browning) under stressed conditions, with a focus on attaining
knowledge that may be used to develop RT stable CCM. Tryptophan (Trp) was found to be
the major contributor. LC-MS technology was used to identify tryptophan degradation
products which were built up in the stressed conditions that correlated with browning,
and these products were tested for their ability to contribute to feed coloration and cellular
toxicity. An antioxidant known to be tolerated in high concentrations in cell culture was
investigated for its ability to reduce browning and/or the generation of detrimental Trp
degradation products. This work contributes heavily to the understanding of Trp degra-
dation in cell culture media and other aqueous solutions, including advanced knowledge
of Trp degradation products and methods toward inhibiting problematic degradation,
especially the generation of toxic or highly colored species.

2. Results
2.1. Tryptophan Is a Major Inducer of Browning in a Feed Used for CHO-Based Bioproduction

Experiments investigating the effects of increased temperature and light exposure in
the long-term storage of feed showed no color change at 4 ◦C storage, but storage at RT in
the presence of light or at 37 ◦C in the absence of light both caused a stark browning of the
medium (Figure 1A).
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Figure 1. Discoloration and amino acid degradation of feed upon 98 days of storage in stressed conditions: (A) images of
feed throughout the stability study; changes in (B) a* and b* values and (C) L* values of the RT and 37 ◦C stored samples
(no light exposure); (D) changes in amino acid content of feed upon 37 ◦C storage (no light exposure). Gray zones indicate
the maximum variability due to the analytic method.

A more precise measure of the color change was determined using the CIE L*a*b*
color system (See Supplementary Materials Section S1 for details) [16,17]. In the sample
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stored at 37 ◦C, the b* value shifted consistently in a positive direction over time (becoming
more yellow), while the a* value decreased slightly at first (became more green) and
then increased again (more red). The RT sample did not exhibit such a strong color shift
in these axes but followed the same trajectory as the 37 ◦C sample (Figure 1B). The RT
sample showed no change in L*, while for the 37 ◦C sample, the L* value decreased
notably, which is representative of the darkening of the solution over time (Figure 1C). The
similar a*b* trajectory in the two samples but stronger L* changes in the 37 ◦C sample may
indicate that the increased temperature is causing the same degradation, but at a faster rate.
Investigations into the changes in the amino acid levels of these two solutions showed that
at RT, only methionine (Met) and Trp were significantly affected (data not shown), while
at 37 ◦C histidine (His) and phosphotyrosine (PTyr) were also degraded (Figure 1D). The
PTyr decrease at 37 ◦C is known to be the result of PTyr being converted to Tyr, as opposed
to being degraded to other components [18]. The vitamins were also investigated for their
contribution to color, but this was found to be negligible (data not shown).

Due to the considerable amount of literature regarding the production of yellow
degradation products from tryptophan [8,19,20], initial experiments focused on the possible
contribution of Trp to the color of the degraded feed, by comparing the complete feed to
a version lacking Trp. The presence of Trp in the feed caused a clearly visible increase in
browning (Figure 2A). The increase in b* with Trp inclusion suggested a greater increase
of color in the yellow coordinate (Figure 2B), while the decrease in L* indicated a much
stronger darkening of color over time (Figure 2C). This shows that there is a significant
color contribution to the solutions as a result of the presence of Trp. The degradation profile
of the sensitive AAs His, Met, and PTyr were all comparable in both solutions (data not
shown), demonstrating that the degradation of these AAs has no bearing on color change
in the solution. The degradation of these AAs even in the absence of Trp indicates that Trp
degradation is not inducing the degradation of any of the other AAs, and vice-versa. These
experiments confirm that Trp is the major component producing brown products in this feed.
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Figure 2. Stability study of the feed with or without (wo) Trp at 37 ◦C over 98 days. (A) Images of
the solutions. (B) Changes in a*/b* and (C) L* values in the solutions.

2.2. Identification of Degradation Products from Trp in Water Stored under Stressed Conditions

Having established that Trp degradation is the lead cause of browning in this feed, the
next step in understanding the color change was to determine which degradation products
are being generated. Due to the complexity of the solutions, LC-MS was chosen as the
optimal method for identifying degradation products of interest. The method was first
applied to degraded solutions of Trp in water, considering this might also help identify
components in the feed that are coming exclusively from Trp self-reactions. Additional
conditions also known to degrade Trp were included in this part of the study, namely expo-
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sure to hydrogen peroxide, exposure to UV light, and storage at various temperatures [14].
This experiment was shorter in duration (24 days) but included a 70 ◦C stressed condition,
as representative of an accelerated degradation condition. The measurement of the Trp
concentration changes showed that the UV light exposure and 70 ◦C conditions resulted in
the greatest Trp degradation (37% and 42% total loss after 24 days, respectively), followed
by hydrogen peroxide incubation, while the storage at 4 ◦C, RT, and 37 ◦C induced minimal
Trp degradation (Figure 3A). Changes in the parameter ∆E*, which broadly quantifies the
overall color change in the L*a*b* system (see Supplementary Materials Section S1) [17]
showed that the 70 ◦C condition changed color most significantly, followed by UV, while
the other solutions did not change at all (Figure 3B). For the temperature and UV conditions,
there is clearly a correlation between the extent of Trp degradation and the increase in color.
Interestingly, the degradation caused by hydrogen peroxide did not lead to a correlating
increase in color.
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Figure 3. Degradation of tryptophan in water (10 mM, pH 7) under stressed conditions. The conditions tested were stored
with varying concentrations of hydrogen peroxide, exposure to UV light, and storage at varying temperatures for 24 days.
(A) Changes in Trp concentration (NS, non significant). (B) Color change displayed as ∆E*. (C) Venn diagram of the features
identified in LC-MS above an abundance threshold of 30,000.

With the knowledge of which stress conditions result in an increase in color, LC-
MS was employed to determine the major degradation products in each condition, and
ultimately which products were contributing to browning. LC-MS features that corre-
sponded to unique compounds were characterized with unique identifying information
(retention time (rt) and m/z for a given parent ion) and focus was given to analyzing the
most prominent features, defined as those generated above a chosen abundance threshold
(>30,000) (see Supplementary Materials Section S2 for detailed data processing). Fifty-five
features were found to be increased in both the UV and the 70 ◦C conditions, i.e., the
conditions in which browning occurred. This indicates that these features are those most
likely to represent small molecules that are contributing to browning. In addition, 42 of
these features presented an abundance significantly higher in the 70 ◦C compared to the
UV condition, corresponding to the relative magnitude of browning in these conditions,
and as such the small molecules corresponding to these features may be those most sig-
nificantly contributing to browning. Structure suggestions for these features were made
based on literature knowledge or by the analysis of the MSMS fragmentation pattern.
Where possible, standards were purchased or synthesized to attain a confirmation for the
proposed structure (see Supplementary Materials Figure S1 for an example of matching
MSMS profiles for standard and experimental data). The structure proposals for each
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feature were assigned a confidence level (a tier) based on best practices for small molecule
structure identification using LC-MS [21,22]. A compound was assigned tier 1 when the
MSMS data and rt matched with a pure standard and tier 1* if the confirmation was via a
standard that could not be purified, but for which the structure assignment based on the
synthetic route was supported by the literature (see Supplementary Materials Section S2 for
detailed tier descriptions). Of the 109 features detected as significantly modulated in these
aqueous solutions of Trp, 30 features were assigned to tier 1 or 1*, corresponding to a total
of 28 confirmed compound structures, as some features were assigned as diastereomers
(absolute configuration unknown—features with earlier rt are designated as ‘a’ and later rt
as ‘b’) (Figure 4).

Int. J. Mol. Sci. 2021, 22, x FOR PEER REVIEW 5 of 15 
 

 

presented an abundance significantly higher in the 70 °C compared to the UV condition, 

corresponding to the relative magnitude of browning in these conditions, and as such the 

small molecules corresponding to these features may be those most significantly contrib-

uting to browning. Structure suggestions for these features were made based on literature 

knowledge or by the analysis of the MSMS fragmentation pattern. Where possible, stand-

ards were purchased or synthesized to attain a confirmation for the proposed structure 

(see Supplementary Materials Figure S1 for an example of matching MSMS profiles for 

standard and experimental data). The structure proposals for each feature were assigned 

a confidence level (a tier) based on best practices for small molecule structure identifica-

tion using LC-MS [21,22]. A compound was assigned tier 1 when the MSMS data and rt 
matched with a pure standard and tier 1* if the confirmation was via a standard that could 

not be purified, but for which the structure assignment based on the synthetic route was 

supported by the literature (see Supplementary Materials Section S2 for detailed tier de-

scriptions). Of the 109 features detected as significantly modulated in these aqueous solu-

tions of Trp, 30 features were assigned to tier 1 or 1*, corresponding to a total of 28 con-

firmed compound structures, as some features were assigned as diastereomers (absolute 

configuration unknown—features with earlier rt are designated as ‘a’ and later rt as ‘b’) 

(Figure 4). 

 

Figure 4. Tier 1–3 features in the aqueous Trp samples which were significantly modulated in at least one of the stress
conditions. (A) Normalized abundance profiles of each feature (rt_m/z_structure number), presented in a heatmap. Green
represents the lowest abundance and red the highest abundance for each feature independently. Structures for features that
were increased (B) in all stress conditions, (C) in UV only or UV > 70 ◦C conditions, and (D) in 70 ◦C only or 70 ◦C > UV
conditions. All m/z represent [M+H]+ unless specified otherwise (shown with structures). Features that are also present in
the 37 ◦C feed experiment (Table S1) have the compound number and feature data displayed in blue.

39



Int. J. Mol. Sci. 2021, 22, 6221

Five of these compounds were found in all degradation conditions and correspond
to major known degradation products of Trp: kynurenine (KYN, 1), N-formylkynurenine
(NFK, 2), oxindolylalanine (Oia, 3), dioxindolylalanine (diOia, 4a and 4b), and pyrolloindole-
3-carboxylic acid (PIC, 6) [23]. Within the tier 1 features that increased in abundance in
the UV and/or 70 ◦C condition and may therefore be contributing to browning, three
main structure classes were identified—b-carbolines, quinolines, and indoles. It is well
established that tetrahydro-b-carboline structures can be easily formed from Trp via a con-
densation reaction with aldehydes and ketones known as the Pictet-Spengler reaction [24],
and that these structures can readily undergo subsequent oxidation, optionally with con-
comitant decarboxylation [25]. This pathway easily explains the presence of the many
b-carboline products, and in some cases the direct aldehyde precursor was also detected,
as is the case for aldehyde 18, which is potentially a direct precursor for carbolines 33 and
34. Quinolines have been shown to be formed from Trp via the initial formation of KYN
(1) [26], which provides a sensible explanation for the appearance of compounds 8, 20, and
21. While the indole moiety in the products is carried over from Trp, most indole structures
exhibit additional oxidation (e.g., 9, 19, 25b). High levels of oxidation are prevalent in most
of the degradation products, especially in the products formed at higher temperatures,
such as the fully unsaturated b-carbolines (e.g., 26–29, 31–34, 36, 38). The oxidation of
tetrahydro-b-carbolines by atmospheric dissolved oxygen has been reported [25,27]. The
presence of spiro[pyrrolidineoxindole] 25 also indicates that the storage conditions are
highly oxidizing. This spiro compound may be formed either via a Mannich reaction
(another type of condensation reaction) between acetaldehyde and the oxidation product
Oia (3) or from the oxidative intramolecular rearrangement of the tetrahydro-b-carboline
23 [28]. Tryptanthrin (39) is a natural product produced by yeast and plant species. Despite
being a natural product, many methods have been developed to synthesize this structure
chemically, usually involving the oxidation of an indole-containing precursor such as in-
dole or isatin, which indicates that this compound is also probably formed in these samples
via oxidative reactions [29]. The only products exhibiting signs of reduction formed pre-
dominantly in the UV condition and are likely caused by radical/photochemical reactions,
as has been shown in the literature for compounds 11 and 14 [30,31]. Structures were also
proposed for 13 other features, falling into the tier 2 or 3 categories (Figure 4). These contain
the same functional groups as seen in the tier 1 compounds and therefore the generation of
these compounds in aqueous solutions under these degradation conditions is highly likely.
The remaining features in this experiment fell into the tier 4 and 5 categories, and their
corresponding abundance data are located in Supplementary Materials, Figure S2.

2.3. Identification of Degradation Products Originating from Trp in Feed Stored at
Elevated Temperature

While the industry is predominantly interested in developing RT stable feed, for
the purposes of detecting degradation products, 37 ◦C was chosen as representative of
an accelerated degradation condition. An LC-MS analysis of the degraded solutions
previously analyzed for color (Figure 2A) identified 85 features that were highly abundant
only in the feed containing Trp (Table S1). Of the 47 features that were categorized into
tiers 1–3 (55% annotation of features), 22 features were also found in the aqueous Trp
samples (corresponding features have the compound number and feature data in blue in
Figure 4 and are indicated with an asterisk next to the compound number in Table S1).
Additional stability studies of feeds selectively depleted in other organic CCM components
were used to establish the origins of some of the features (CCM component origin shown
in Table S1). Some features were identified as having arisen solely from Trp from the
water-only study (e.g., 40, 41) (Figure 5). A total of 25 features were clearly derived from
AAs, and 13 of these were classified as tier 1–3. Seven features were derived from non-AA
organic CCM components (namely choline, thiamine or pyridoxine) and five of these
were categorized into tiers 1–3 (42 from pyridoxine and 43a/b and 44a/b from choline).
As with the water solutions of Trp, the structures of tier 1 features in feed contain many
of the same functional groups (e.g., ketone, imine, alkene) and structural skeletons (e.g.,
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b-carboline, spirane), indicating that the same kinds of degradative chemical processes
(e.g., condensation, oxidation) occur in feed and water samples. Sixty-seven features (39
in tiers 1–3) increased in abundance over time and thus correlated with the increase in
browning (Table S1). The compounds correlating with browning show many common
features—a high level of oxidation and almost always the presence of an aromatic ring. It
is well understood that increasing aromaticity and conjugation in an organic compound
leads to a greater ability to absorb light [16,17], so it is possible that these compounds
are contributing directly to the color increase. However, an examination of the direct
contribution of these compounds to color in solution is required to make such a claim. It
is important to note that features that were prominent in the water study but not in the
feed study are not necessarily absent from the feed. The same features may be generated in
feed below the cutoff threshold chosen for data analysis or may be difficult to detect in the
complex matrix due to signal suppression.
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Figure 5. Structures for novel Trp degradants detected in feed studies (those features detected in both water and feed
studies are shown in Figure 4 with their feature data marked in blue). Structures are provided for tier 1–3 features that were
significantly modulated in the Trp-containing feed compared to the Trp-depleted feed. All m/z represent the parent peaks
detected as [M + H]+ ions, unless indicated otherwise.

2.4. Color Contribution of Tier 1 Compounds to Water and Feed Solutions

Standards available in significant enough quantities were used for spiking experiments
to see whether they contributed to the coloration of either pure water or feed. ∆E* > 1
was deemed as a significant change (Figure 6A). Some of these compounds have already
been identified as possessing notable color. Tryptanthrin (39) and pityriacitrin (32) are both
natural products characterized as yellow solids [29,32], and pityriacitrin was shown to
have broad absorption in the UV spectrum [32].
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DMSO). (B) Toxicity data for the Trp degradation products that produced a significant toxicity in CHOK1 GS cells as
compared to the DMSO control. Error bars, S.D.

Compounds were dissolved in DMSO at 50 mM and then spiked into the solutions to
achieve a final compound concentration of 500µM. Some of the tested compounds formed
a precipitate immediately upon spiking of the DMSO solution. As the precipitates in
solution can interfere with the absorption measurement, each sample was centrifuged prior
to taking absorption measurements, meaning that the final concentrations were not all
at 500 µM. This interference from precipitation was shown not to occur in the complete
feed samples, as the L*a*b* measurements in the 37 ◦C samples at 98 days of storage were
shown to be identical before and after the filtration of the medium through a 0.22 µm filter
(data not shown). A significant color change was produced by compounds 16 and 38 in
water, by compounds 28 and 31 in feed, and by compounds 5, 24, 34, 39, and 46 in both
conditions (Figure 6A). In stability experiments, eight of these nine compounds (all except
46) were present in at least one condition in the degraded water samples, and four of these
nine compounds (28, 31, 38, and 46) were present in the degraded feed. Compounds 28,
31, and 46 all had significant abundances in the degraded feed samples and displayed a
significant production of color in the feed, which would suggest that these compounds
may be critical to enhance color in feed stored at enhanced temperatures.

2.5. Toxicity of Trp-Derived Degradation Products in CHO Cells

Four of the established Trp degradants are natural products and have been tested
previously for various types of cellular toxicity. Pityriacitrin (32) and pityriacitrin B (31)
have demonstrated toxicity against some cancer cell lines [33], and while eudistomin U (34)
displayed some toxicity in human cancer cell lines, it was most potent as an antibacterial
agent [34]. Tryptanthrin (39) is known to exhibit low micromolar toxicity against a wide
range of both cancerous and non-cancerous human cell lines [29,35,36]. As we have
demonstrated that these compounds are generated from degraded Trp, it was of interest
to investigate the toxicity of these and the other established Trp degradants in CHO
cells, the most prevalent cell type used in the biomanufacturing industry. The same
panel of standards previously tested for color effects were tested for toxicity in a CHOK1
GS cell line. Twelve compounds were found to elicit notable toxicity in this cell line
(GI50 < 1 mM) (Figure 6B) and were therefore tested for toxicity in three other CHO cell
clones. The compounds showed roughly the same toxicity trends across the four cell
lines (see Supplementary Materials, Table S2). Tryptanthrin (39) displayed extremely high
toxicity across all cell lines (GI50 ≤ 1.1 µM), while eudistomin U (34) and pityriacitrin B
(31) were fairly toxic (10 < GI50 < 22 µM across all cell lines) and compounds 18 and 24
displayed the lowest toxicity of the twelve (GI50 > 226 µM).

2.6. Inhibition of Browning and Degradation Product Formation Using Alpha-Ketoglutaric Acid

With the observation that the structures correlating with increased browning showed
distinct characteristics of oxidation (incorporation of oxygen atoms, increase in aromaticity),
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the application of a known antioxidant as a method to reduce the browning and concomi-
tant production of these degradants was tested. a-Ketoglutaric acid is a common CCM
component with antioxidative properties, which has been shown to have no detrimental
effect on the CHO cell culture up to 50 mM and to protect against the temperature-induced
degradation of some organic CCM components [37]. The ketoacid was tested for its ability
to minimize browning and the production of Trp degradation products in feed stored
at RT or 37 ◦C for 98 days. The ammonia levels in the solutions were also measured, as
this could arise from several of the identified Trp degradation products in which nitrogen
loss is observed (e.g., 12, 18, 19). Increased ammonia in CCM is undesirable, as it can
adversely affect cell growth and product quality [38–40]. The addition of aKG induced a
39% decrease in browning for feed stored at 37 ◦C, and a 77% decrease at RT (Figure 7A).
This demonstrates that the addition of aKG is highly effective in decreasing browning, as
the color change at RT was lower in the +aKG condition than in the no Trp control.
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Figure 7. Changes in the feed, feed-Trp, and feed+aKG solutions during long-term storage. (A) Color change measured as
∆E*. (B) Changes in ammonia concentration. (C) Structure identifications for tier 1–3 features which are newly formed upon
aKG addition to feed. (D) Heatmap showing abundance changes of features of interest (denoted with rt_m/z_structure
number for tiers 1–3, or else denoted as tier 4) at RT.

In both conditions, the decrease in ammonia (72% at 37 ◦C, 68% at RT) far exceeded the
decrease brought about when Trp was excluded (13% at 37 ◦C and 0% at RT) (Figure 7B).
This suggests that the ammonia production in the feed is not coming exclusively from Trp,
and that aKG is also inhibiting the ammonia-generating degradation of other organic CCM
compounds, most probably other AAs, as AA deamination at higher temperatures is a
well-established cause of ammonia production [41].

In the 37 ◦C condition, 62 features in total (see Supplementary Materials Figures S3
and S4) decreased in abundance upon aKG supplementation, five features exhibited similar
abundance profiles, and the formation of nine features was inhibited completely. However,
12 features had increased abundances with the addition of aKG, and another 14 features
were detected only in the feed+aKG condition. Some of the newly formed features were
identified as compounds formed from the combination of Trp and aKG, e.g., tetrahydro-b-
carboline 60 and its oxidative decarboxylation product, 61 (Figure 7C). For aKG addition
at RT storage, none of these new Trp+aKG features were detected, and 36 features were
markedly reduced or eliminated completely (Figure 7D). Only one remained at a compara-
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ble abundance with the control (tier 2, corresponding to pyrroloindole 7), and only two
features had increased abundance (tier 1, corresponding to structures 23 and 46), which
were both also increased at 37 ◦C. Many of the features that had lower abundances in the
+aKG condition were those shown to derive from other CCM components (e.g., 43, 44,
49, 53, 57). Many features corresponding to structures with high oxidation levels were
decreased down to levels comparable to the no Trp control (e.g., 1, 4, 18, 20, 30, 36). The
decreased abundance of these Trp products combined with the reduction in browning
and ammonia production to below the no Trp control level suggests that aKG may be
protecting multiple CCM components from degradation via an antioxidant function. Not
much is known about the function of aKG as an antioxidant, although it is known that the
reaction with the oxidant hydrogen peroxide causes the oxidative decarboxylation of the a-
ketoacid, forming succinic acid (66) [42]. The feature corresponding to this compound was
detected in the feed in negative mode (Figure 7D), and the abundance was increased in the
feed+aKG condition, supporting the hypothesis that aKG is functioning as an antioxidant.
It is curious to note that the Trp degradation was not decreased by aKG supplementation,
but a complete understanding of the chemical changes induced by aKG addition is beyond
the scope of this study.

3. Discussion

This study demonstrated that tryptophan was the major contributor to the browning
of a selected feed. The identification of several Trp degradation products demonstrated that
the condensation reactions of CCM components and oxidation reactions were the major
chemical processes taking place at elevated temperatures. These combinations of reactions
often yielded products with fully oxidized heterocycles and a high level of conjugation,
which are typical properties in colored organic compounds, and correlates with the color in-
crease in the solutions. As these compounds are significantly different in structure from Trp
and as protein translation involves many quality control systems to avoid the incorporation
of incorrect AAs [43], it was deemed unlikely that the incorporation of these degradation
products in the drug product would be a concern. However, the discovery that some of
these compounds can contribute directly to CHO toxicity and feed browning indicates
that these degradation processes can be detrimental in biomanufacturing, and therefore
methods need to be established to limit such degradation in CCM that are intended to
be stored at elevated temperatures. The submicromolar toxicity of tryptanthrin (39) is
especially noteworthy. Its chemical structure is significantly different from that of all of the
other compounds tested (it is the only compound with a indolo[2,1-b]quinazoline core),
and is therefore likely the fundamental reason behind its uniquely high toxicity. It is not
clear by which mechanism tryptanthrin achieves such high toxicity in CHO cells, but in
other cellular toxicity studies it commonly bound to ATP-binding sites of crucial enzymes
in pathways involved in apoptosis regulation, cellular proliferation, and cell survival [25].
Tryptanthrin could therefore be eliciting toxicity via a similar means in CHO cells. For
studies such as this one, which investigate the effects of organic compounds on cell culture,
it is relevant to note that very small amounts of transition metal contaminants can be the
cause of the observed changes (e.g., color and toxicity) [44–46], and as such follow-up
studies may be required to confirm that any detrimental effects are indeed due to the
organic component, though this is currently beyond the scope of this work. The addition of
a-ketoglutaric acid to the cell culture feed was shown to decrease the detrimental chemical
changes in the feed stored at higher temperatures, including browning, ammonia produc-
tion, and the generation of Trp-derived degradation products. The extent of ammonia
reduction suggests that aKG is inhibiting the deamination of other AAs, and the decrease
in major Trp oxidation products, along with the production of succinic acid, suggest that
this may result from aKG functioning as an antioxidant. The production of succinic acid as
a byproduct is possibly even advantageous, as succinic acid is not only colorless in solution
and not toxic to CHO cells, but has even shown potential benefits for mAb production
in CHO cell cultures [47,48]. This work demonstrates the first known application of an
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antioxidant to stabilize CCM stored at higher temperatures, and thus represents perhaps
the beginning of the next major CCM optimization strategy for the bioprocessing industry.

4. Materials and Methods
4.1. Reagents

Raw materials and cell culture media/feed in the stability studies were all purchased
from Merck KGaA, Darmstadt, Germany, if not stated otherwise. Chemical standards for
LC-MS feature identification were purchased from a commercial supplier and synthesized
externally under contract or in-house. Details of the origins of the standards are provided
in the Supplementary Materials in Table S3. The feed formulation used in this study was a
customized dry powder derived from Cellvento® Feed220 (Merck, Darmstadt, Germany),
depleted in amino acids, and was reconstituted according to the manufacturer’s guidelines,
with amino acids added back as desired.

4.2. Stability Studies

For the Trp solutions, 10 mM Trp solutions were prepared in water with a pH ad-
justment to pH 7.0 ± 0.3 using NaOH(aq.) and sterile filtered with Steriflip® filter units
(Merck, Darmstadt, Germany). For H2O2 exposure testing, the solutions were spiked with
hydrogen peroxide (30%, 8.82 M) to 0, 10, 25, 50, or 100 mM, and stored for 4h at RT
(~19–23 ◦C), light-protected. For the UV exposure effects, the solutions were stored for 4 h
under a UV-lamp set to an intensity of 540 V (UV-A, -B and -C radiation). Samples tested
for temperature effects were stored light-protected for 24 days at 4 ◦C, room temperature
(RT, i.e., ~19–23 ◦C), 37 ◦C, or 70 ◦C. Feed solutions were sterile-filtered as above and stored
for 98 days at 4 ◦C, RT (~19–23 ◦C) or 37 ◦C. The samples were either stored light-protected
or exposed to laboratory fluorescent lighting with partial exposure to glass-filtered daylight
(light-exposed). For testing the a-ketoglutaric acid effects in feed, dry powder feed was
reconstituted with a-ketoglutaric acid, pH adjusted to 7.0 ± 0.3 with NaOH (aq.), filtered
as above, and stored light-protected at RT (~19–23 ◦C) or 37 ◦C for 98 days. Ammonia was
quantified using Cedex Bio HT (Roche, Mannheim, Germany). Aliquots were frozen at
−20 ◦C for subsequent amino acid analysis and LC-MS.

4.3. CIELAB Color Analysis

Absorbance measurements were taken in the range of 380 nm to 780 nm (20 nm steps)
of 100 µL of the samples in four technical replicates (Envision, Perkin Elmer, Waltham, MA,
USA). From the absorbance values, the change in color was calculated using L*a*b* and
∆E* values according to DIN 5033-3 and DIN 6174 norms. The CIE 1931 standard observer
(2◦) and the D65 illuminant were selected.

4.4. Amino Acid Analysis

Amino acid analysis was performed using a pre-column derivatization using the AccQ
Tag® Ultra Reagent kit. Derivatization, chromatography, and data analysis were performed
according to the supplier recommendations (Waters, Milford, MA, USA).

4.5. LC-MS Feature Determination and Structure Elucidation

Time point series from stability study experiments were analyzed using UHPLC (Van-
quish, Thermo Fisher, Waltham, MA, USA) coupled with an ESI-Q-ToF mass spectrometer
(Impact II, Bruker, Bremen, Germany). Briefly, the samples were diluted 10 times in water
prior to LC-MS/MS analysis. Five microliters of sample were loaded in 99.9% buffer A
(20 mM ammonium formate/0.1% FA) onto a XSelect HSS T3 column (2.1 × 150 mm,
3.5 µm, Waters, Milford, MA, USA) thermostated at 40 ◦C with a flowrate of 300 µL/min.
An optimized 12 min linear gradient was applied using 100% methanol (buffer B) as follows
(minute/% B): 0/0.1, 2/0.1, 4/20, 6/30, 8/80, 8.5/100, 9.5/100, 9.6/0.1, 12/0.1.

LC-MS/MS analyses were performed in triplicate using the Impact II mass spec-
trometer equipped with an ESI source (Bruker, Bremen, Germany). MS acquisition was
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performed in positive and negative modes with capillary voltages set at 4500 V and 3500 V,
respectively, and the end plate offset set at 500 V. Nebulizer and dry gas (250 ◦C) were set at
1.4 bar and 9.0 L/min, respectively. MS spectra were acquired over the m/z range 20–1000
with a scan rate of 12 Hz followed by data-dependent auto-MS/MS acquisitions using a
fixed MS-MSMS cycle time of 0.5 s and a summation time adjusted to the precursor inten-
sity. The data analysis was performed using Data Analysis 4.0 (Bruker, Bremen, Germany)
and Progenesis QI (Non-linear Dynamics—Waters, Newcastle, UK). Briefly, raw data were
processed as centroid data using the automatic peak detection algorithm of Progenesis
QI. No normalization was applied to the dataset due to the nature of the study. Unique
ions (retention time (rt) and m/z pairs) were grouped, and their abundancies were summed
to generate unique features. Only features satisfying the following criteria were consid-
ered: abundance >30,000; fold change >3; corrected ANOVA q-value < 0.05. Hierarchical
clustering was used to identify groups (e.g., identify all Trp related features by using a
feed depleted in Trp and selecting the features that are not found in that condition). For
the representation in the heatmap, the data were normalized between the minimum and
the maximum abundance for each replicate independently. Feature annotations were per-
formed within Progenesis QI using precursor mass, fragment mass, and retention time (if
available) with tolerances set at 5 ppm, 20 ppm, and 0.3 min, respectively. Comprehensive
LC-MS data is provided in Supplementary Materials 2.

4.6. Color Measurements of Standards

Chemical standards were prepared as 50 mM stocks in DMSO and then spiked into the
aqueous solutions (either water or feed) to achieve a theoretical compound concentration
of 500 µM (1% DMSO). The solutions were centrifuged, and the absorbance measurements
of these solutions was measured and converted to ∆E* values as described above. The
control condition was pure DMSO (1% v/v).

4.7. Cytotoxicity Assay

To assay the potential toxicity induced in the CHO cell culture by the Trp degradation
products found in this study, a cytotoxicity assay CellTiter-Glo® Luminescent Cell Viability
Assay (Cat #G7572, Promega, Madison, WI, USA) was used, following the manufacturer’s
instructions. Briefly, the cells were seeded with 25,000 viable cells per cavity of a 96-well
opaque white cell culture plate (Thermo Fisher, Waltham, MA, USA) in 80 µL of a pre-
warmed medium. Tryptophan degradation compounds were added in triplicates to the
cells, ranging from 1 mM to 46 nM. A DMSO control was added in the same concentration
range as the tryptophan degradation compounds were diluted. The dose response curves
were fitted with a 4PL model by GraphPad Prism v.7 (GraphPad Software, San Diego, CA,
USA) after luminescence readout with an EnVision 2104 Multilabel Reader (Perkin Elmer,
Waltham, MA, USA).

5. Conclusions

Tryptophan is capable of degrading in cell culture media under elevated temperatures
to afford colored and toxic degradation products. This is a concern for the development
of room-temperature stable CCM, in which medium color change and a buildup of toxic
compounds are undesirable. The storage of tryptophan-containing CCM at higher temper-
atures is best undertaken only if precautions are made to inhibit degradation into colored
or toxic compounds. This study demonstrated that the addition of an antioxidant, namely
alpha-ketoglutaric acid, is a viable means to achieve this goal of stabilizing CCM against
problematic tryptophan degradation processes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22126221/s1.
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Abstract: We studied the effects of the addition of large neutral amino acids, such as tyrosine (Tyr) and
tryptophan (Trp), in mice DBA/2J and tetrahybrid mice DBCB receiving a high-fat, high-carbohydrate
diet (HFCD) for 65 days. The locomotor activity, anxiety, muscle tone, mass of internal organs, liver
morphology, adipokines, cytokines, and biochemical indices of animals were assessed. The Tyr
supplementation potentiated increased anxiety in EPM and contributed to a muscle tone increase,
a decrease in the AST/ALT ratio, and an increase in protein anabolism in both mice strains. Tyr
contributed to a decrease in liver fatty degeneration and ALT reduction only in DBCB that were
sensitive to the development of obesity. The addition of Trp caused an increase in muscle tone and
potentiated an increase in anxiety with age in animals of both genotypes. Trp had toxic effects on
the livers of mice, which was manifested in increased fatty degeneration in DBCB, edema, and the
appearance of micronuclei in DBA/2J. The main identified effects of Tyr on mice are considered
in the light of its modulating effect on the dopamine neurotransmitter metabolism, while for the
Trp supplement, effects were presumably associated with the synthesis of its toxic metabolites by
representatives of the intestinal microflora.

Keywords: obesity; mice; tyrosine; tryptophan; cytokines; behavior; cytokines; inflammation;
liver morphology

1. Introduction

Genomic and post-genomic factors that determine the level of physical and metabolic
activity play an important role in the development of obesity [1,2]. The development of
methods for effective dietary correction of obesity in humans requires an understanding of
the biological causes of decreased physical activity which lead to an imbalance between
energy consumption and expenditure [3].

In this area, the study of the neuroendocrine regulation of metabolic processes [4]
and the possible influence on them by pharmacological and dietary factors [5,6] is of
particular interest.

The neurotransmitters dopamine [7], serotonin [8], and their minor metabolites (trace
amines, etc.) [9] play a critical role in the regulation of energy metabolism, locomotor
activity, and feeding behavior. Large neutral amino acids—tyrosine (Tyr) and tryptophan
(Trp)—are precursors of these active metabolites. There is a definite link between changes
in the signaling of dopamine in the striatum and motor activity [10]. In turn, the effect
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of serotonin on metabolic processes is due to the activation of the signaling pathway
in the hypothalamus neurons that are part of the proopiomelanocortin system (POMC).
Serotonergic neurons receive information on the composition of the diet through the
amount of Trp entering the brain, which depends on the competition in transport across
the blood-brain barrier between Trp, Tyr, and other large neutral amino acids (LNAA)
(phenylalanine, leucine, isoleucine, methionine) [11].

The catabolism of tissue proteins containing a relatively small amount of Trp decreases
under conditions of excessive carbohydrate and fatty nutrition. This leads in turn to an
increase in the specific content of Trp in the whole pool of free amino acids of blood plasma
and consequently an increase in its transport to the brain, where Trp is transformed into
serotonin, which has anorexigenic and sedative effects [12].

In this regard, the question arises about the possibility of directed modulation of
metabolic processes, physical activity, and eating behavior by changing the ratio between
Trp and other LNAA (especially tyrosine) coming from food. This work aimed to study the
effect of Tyr and Trp in the diet on the neuroendocrine regulation of metabolic processes
in laboratory mice (Mus domesticus), using the assessment of behavioral reactions and
integral, morphological, biochemical, and immunological parameters. Two strains of mice
were used, of which the first, DBA/2J, is characterized by resistance to the development
of diet-induced obesity. The second strain—a complex hybrid of the second generation
obtained earlier in our laboratory—easily developed signs of diet-induced obesity and
fatty liver degeneration when consuming a diet with excess fat and fructose, as was shown
earlier in the study [13].

2. Results
2.1. Amino Acids Characterization

The possible presence of trace impurities in amino acids, especially in tryptophan
preparation [14], that could influence their nutritive value and toxicity was checked by
HPLC. As shown by the analysis, samples of tyrosine and tryptophan used in animal
feeding did not contain any impurities detected within the method sensitivity (less than
0.1% by mass), which complies with the manufacturer’s specifications.

2.2. Mice Integral Indices

Assessment of integral indicators, such as specific energy consumption, body weight,
internal organs, and tissues, shows the degree of diet-induced obesity in mice and allows
assessment of the possibility of its alleviation by consuming the studied supplements.
During almost the entire period of the experiment, DBA/2J mice of all groups stably
increased their body weight (bw), had a normal appearance, and were mobile; morbidity
and mortality were not observed. Among DBCB mice in group 2 fed with HFCD, 4 animals
died during the experiment, with signs of necrotic myocardial changes; in groups 3 and 4,
which received HFCD with Tyr and Trp, 1 animal died in each one. As follows from the
data on Figure 1, DBA/2J mice of all groups receiving HFCD were characterized by higher
energy consumption compared with the control group. In contrast, in tetrahybrid mice
fed with HFCD, the total energy consumption did not increase compared to the control
group since the mass of feed consumed by these animals was reduced in comparison
with the control value, but the addition of tyrosine caused a significant increase in energy
consumption in animals of group 3.
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Figure 1. Specific energy consumption (M ± S.E.M.) of mice during the experiment: (a) DBA/2J mouse line; (b) DBCB mice.
* The difference is significant with all groups receiving HFCD; # The difference is significant with group receiving HFCD
with Tyr group, p < 0.05; Student’s t-test for pair-related, group-averaged indicators.

At the end of the experiment, a significantly larger bw was observed in DBCB mice
receiving HFCD compared with control, ANOVA, p < 0.05 by the diet (D) factor (Figure 2).
The relative weight indexes of the spleen, heart, kidney, and gonads in the tetrahybrid mice
were significantly lower, and retroperitoneal white fat was higher in comparison with mice
DBA/2J, ANOVA, p < 0.05 by the genotype (G) factor. The addition of amino acids did not
have a significant effect on bw, spleen, and gonad weight indexes, but in DBCB mice, Tyr
consumption increased the relative weight of the heart, kidneys, and gonad to the level
of the control group, and Trp caused a significant decrease in the weight of the kidneys
and brain. Both amino acids in these mice had a potentiating effect on the accumulation
of white fat and a decrease in the ratio of brown fat to white fat (see Figure 2h). In linear
DBA/2J mice, there was no effect of amino acid additions on the weight indexes of organs
and adipose tissue.
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Figure 2. Integral indicators (M ± S.E.M.) of mice at the end of the experiment on the 66th day: (a) Bw; relative weight
index of organs and tissues: (b) Spleen, (c) Heart, (d) Kidneys, (e) Brain, (f) Gonads, (g) Retroperitoneal white fat; (h) The
ratio of the weight of interscapular brown fat to the retroperitoneal white fat. * The difference with the control group is
significant; # The difference with the HFCD-only fed group is significant, p < 0.05, Mann–Whitney U-test. Horizontal
bracket—distribution is non-uniform (p < 0.05, ANOVA) by the factors genotype (G), diet (D), tyrosine (Tyr), tryptophan,
(Trp) and their combinations for the covered range of samples. The number of animals in groups—see Table 1.
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2.3. Muscle Tone, Search, and Anxiety-Like Behavioral Activity

Additional consumption of the amino acids tyrosine and tryptophan can lead to
an increase in their transport to the brain, which may result in changes in the synthesis
and metabolism of the neurotransmitter amines dopamine and serotonin as well as their
derivatives. This is reflected by changes in the level of neuromotor activity, eating behavior,
and anxiety. The definition of muscle-compressive force (Figure 3) showed that, in DBA/2J
mice, even at the first test (the 3rd day of feeding with rations), the addition of both
amino acids leads to an increase in muscle tone compared to the control and HFCD-fed
group. Further, this effect is preserved only in the form of an insignificant trend. In DBCD
tetrahybrid mice, when testing for the first time, the muscle-compressive force did not
differ between the groups, while at the second test, it decreased significantly with the use
of HFCD. Both amino acid supplements return this indicator to the control level.
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Figure 3. Muscle-contraction strength (grip force, M ± S.E.M.): (a) DBA/2J mice; (b) Tetrahybrid DBCB mice. * The
difference with the control group is significant; # The difference with the HFCD-only group is significant, Mann–Whitney
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Study of locomotor/search activity in elevated plus maze test (EPM) (Figure 4)
showed no effect of HFCD and amino acid additives on these indicators in DBA/2J mice
(Figure 4a,c,e) except for the general decrease in the distance traveled in open arms (OA)
(Figure 4a) for all animals that received HFCD. In DBCB mice, locomotor activity in the
OA decreased significantly with repeated testing (Figure 4b), with the most pronounced
change in the control group. The addition of Trp in these mice led to a significant decrease
in the average movement speed (Figure 4d) and maximum speed in the OA (Figure 4f)
during the first testing. When comparing two animal lines, attention is generally paid to
the lower mobility of tetrahybrid mice compared to DBA/2J, which is confirmed by the
data of factor analysis (p < 0.05 by the genotype factor for speed in the OA at 2nd test).

The anxiety-like behavior in mice, detected in EPM (Figure 5), increased in the 2nd
testing according to parameters of the center entrance latency, time spent in OA, and the
ratio of closed arms (CA) to OA times. These findings coincide with the previously obtained
data from C57Black/6J mice, which represent a parental line for DBCB tetrahybrid [15].
Anxiety increase most clearly manifested in a decrease in the latency time to the first exit to
the maze center, the time spent in the OA in DBA/2J mice, and an increase in the CA/OA
ratio in DBCB tetrahybrid (p < 0.05, ANOVA, by the test factor). At the same time, the
addition of Tyr to the diet caused a significant decrease in the OA time in mice of both
strains during pairwise comparison (according to the Wilcoxon criterion). The addition
of Trp led to a significant increase of anxiety in terms of CA/OA ratio only in tetrahybrid
mice but not in DBA/2J mice in the pairwise comparison between the 1st and the 2nd test.
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Figure 4. Mobility/locomotor activity indicators (median; change intervals) in the EPM test: (a,b) Distance traveled in the
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in groups—see Table 1.
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Figure 5. Indicators of anxiety (median; change intervals) of mice in the EPM test: (a,b) Latency before the first exit
to the center of the maze, s; (c,d) Time in OA, s; (e,f) The ratio of CA/OA times (dimensionless). DBA/2J mice (a,c,e);
Mice DBCB tetrahybrid (b,d,f). * The difference with the control group is significant; # The difference with the group fed
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by the factors test (T), tyrosine (Tyr), and tryptophan (Trp) for the covered range of samples. The number of animals in
groups—see Table 1.
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2.4. Liver Histology

One of the consequences of the consumption of HFCD in rodents may be the devel-
opment of fatty degeneration of the liver. Microscopic examination of the liver (Figure 6)
revealed a generally orthodox structure of the tissue in DBA2/J mice fed both the control
diet and HFCD. The addition of Tyr increased fat accumulation in the perinuclear com-
partment of hepatocytes in these animals. In contrast, Trp consumption corresponded to
the almost complete disappearance of fatty inclusions in the liver and the development of
tissue edema with the closure of most of the lumen of the bile ducts. Moreover, the addition
of Trp has contributed to the appearance of a large number of degrading micronucleus
cells. In the tetrahybrids, signs of increased fat accumulation in the liver were observed
even in the control group. At the same time, HFCD in tetrahybrids led to massive fatty
degeneration of hepatocytes with the formation of rounded fatty vacuoles lacking internal
structure. The addition of Tyr to HFCD seemed to weaken these changes, and the addition
of Trp, on the contrary, aggravated them: along with the vacuoles, many cells appeared
with deposition of fat in the perinuclear district.

2.5. Blood Biochemical Indices

The development of diet-induced obesity is often accompanied with signs of dyslipi-
demia, changes in nitrogen exchange, and protein catabolism. Analysis of the biochemical
blood plasma parameters showed that HFCD consumption led to an increase in glucose
level (Table 1) in DBA/2J mice. Tetrahybrid mice were characterized by an initially elevated
glycemia already in the control group (p < 0.001, ANOVA, by the genotype factor). The
addition of amino acids did not cause further changes in this indicator. According to the
factor analysis, the addition of Tyr and, to a lesser extent, Trp to the diets led to a significant
increase in indexes of the protein metabolism, such as levels of total protein, albumin, and
urea (p < 0.05, ANOVA). In DBA/2J mice, these effects were also manifested in paired com-
parisons of groups. The consumption of Tyr and Trp was accompanied by an increase in
the concentration of total calcium and in DBA/2J mice, also phosphorus (in the case of Trp).
Under the action of Tyr, an increase in alanine aminotransferase (AlAT) activity was noted
in DBA/2J mice, whereas in tetrahybrids, it was, conversely, decreased in comparison with
the group that consumed HFCD without additives. Any effects of Trp on this indicator
were not observed. Aspartate aminotransferase (AsAT) activity was increased under the
action of HFCD only in DBCB mice (ANOVA, p < 0.05 by the genotype*diet factor in the
tyrosine experiment). As shown by the calculation of the AsAT/AlAT activity ratio (De
Ritis ratio), this indicator was significantly reduced in mice of both strains fed with Tyr.
Trp led to a significant decrease in the activity of creatine phosphokinase (CPK) in DBCB
mice consuming HFCD and to a significant increase in the lipolytic activity in animals of
both strains. In erythrocytes of mice treated with HFCD, there was a significant decrease in
glutathione peroxidase (GPO) activity, and the addition of Trp led to the normalization of
this indicator in the tetrahybrid mice.

2.6. Blood Cytokines and Adipokines Levels

The development of diet-induced obesity is a complex process involving local (in
adipose tissue) and systemic inflammation, as evidenced by circulating levels of adipokines
and cytokines. The consumption of HFCD led to a significant increase in mice insulin
levels (Figure 7a); p < 0.05, ANOVA by diet (D) factor. At the same time, only in DBA/2J
mice, this was combined with a significant increase in glucose levels (see Table 1), wherein
DBCB mice were initially hyperglycemic, as was mentioned above (see Section 2.4). This
could be a sign that glycemic control in tetrahybrid mice has been compromised due to
their genetic background. No effect of the studied amino acids on the level of insulin and
glycemia was found in mice of both genotypes.
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Figure 6. Representative light-optical micrographs of liver sections of mice fed: (a,b) Control diet; (c,d) HFCD; (e,f) HFCD 
with Tyr; (g,h) HFCD with Trp. DBA/2J mice (a,c,e,g); DBCB tetrahybrid mice (b,d,f,h). Stained with hematoxylin-eosin, 
magnification × 400. 
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magnification ×400.
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Figure 7. Levels of adipokines and cytokines (median; change intervals) in the blood plasma of mice when removed from 
the experiment on the 66th day: (a) Insulin; (b) Leptin; (c) Ghrelin; (d) Leptin/ghrelin ratio; (e) IL-3; (f) IL-5; (g) RANTES. * 
The difference with the control group is significant; # The difference with HFCD-only fed group is significant; ∅ The 
difference with DBA/2J mice is significant, p < 0.05, Mann–Whitney U-test. Horizontal bracket—distribution is 
non-uniform (p < 0.05, ANOVA) by the factors genotype (G), diet (D), tyrosine (Tyr), and tryptophan (Trp) and their 
combinations for the covered range of samples. The number of animals in groups—see Table 1. 
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Figure 7. Levels of adipokines and cytokines (median; change intervals) in the blood plasma of mice when removed from
the experiment on the 66th day: (a) Insulin; (b) Leptin; (c) Ghrelin; (d) Leptin/ghrelin ratio; (e) IL-3; (f) IL-5; (g) RANTES.
* The difference with the control group is significant; # The difference with HFCD-only fed group is significant; ∅ The
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(p < 0.05, ANOVA) by the factors genotype (G), diet (D), tyrosine (Tyr), and tryptophan (Trp) and their combinations for the
covered range of samples. The number of animals in groups—see Table 1.
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The data on (Figure 7b) showed that all mice fed with HFCD showed a significant
increase in the levels of circulating leptin (p < 0.05, ANOVA, by the diet factor), and the
level of the latter was significantly higher in DBCB compared to DBA/2J mice (p < 0.05,
ANOVA, by the genotype factor). The level of ghrelin (Figure 7c) increased in DBCB
mice treated with Tyr and Trp supplements, and, consequently, the leptin/ghrelin ratio
(Figure 7d) was the lowest in these animals. No significant effect of amino acids on the
concentrations of IL-10, IL-12P (70), IL-17A, and MCP-1 was detected on the background
of HFCD consumption (data not shown). At the same time, Tyr caused a significant
increase in the IL-3 content (Figure 7e) and a decrease in IL-5 in DBA/2J mice (Figure 7f);
in DBCB mice, both amino acids potentiated the effect of reducing the IL-5 level caused by
HFCD. The level of RANTES (Figure 7g) was uniformly increased in all groups of DBA/2J
mice receiving HFCD; in tetrahybrid mice, RANTES was significantly increased against
DBA/2J when comparing control groups and did not significantly respond to the dietary
interventions used.

3. Discussion

As a result of the research, differences were revealed in the effects of Tyr and Trp sup-
plements in mice of two genotypes differing in the response to excess fat and carbohydrate
intake (HFCD). DBCB tetrahybrid mice reacted to HFCD consumption differently than
DBA/2J mice, which are one of their parent lines, due to the greater allelic diversity of the
genome. In particular, HFCD possessing the increased energy density caused a decrease in
palatability of food in tetrahybrid mice that led to the alignment of their specific energy
consumption with the control group. At the same time, these mice had reduced mobility in
the EPM test compared to DBA/2J and responded to the HFCD consumption by increasing
fat deposition in the depot of white adipose tissue and hepatocytes (up to the development
of balloon dystrophy). This also corresponded to the development of hyperleptinemia
in these animals. A decrease in the relative proportion of brown fat in tetrahybrid mice
indirectly indicates a possible inhibition of thermogenesis processes in them during the use
of HFCD, and, therefore, a decrease in energy consumption during the consumption of a
hypercaloric diet and, as a result, an increase in the relative weight of white fat. In contrast,
DBA/2J mice that received HFCD were characterized by increased energy consumption but
did not respond to a significant increase in bw and white fat, which may be a consequence
of their increased energy spending. This is indicated by the greater relative proportion
of thermogenic brown fat in total fat depots and increased activity in the EPM test. For
DBA/2J mice, in contrast to DBCB, there was also a pronounced response of insulin and
RANTES to the use of HFCD, which probably indicates a compensatory activation of fat
catabolism processes in adipose tissue [16].

The study of the influence of tyrosine and tryptophan supplements on the vital indi-
cators in mice was carried out taking into account the possible mechanisms mediated by
biogenic amines—dopamine, catecholamines (in the case of tyrosine), and serotonin (in the
case of tryptophan) both in the brain of animals and in peripheral organs. When assessing
the central effects of amino acids, we used indicators of anxiety and search activity in the
EPM test as well as muscle tone, measured in the grip force test. The latter indicator also
may be indirectly related to the intensity of energy metabolism in muscle tissues, as is
known from the literature [17]. Possible peripheral effects, allowing consideration of the
influence of amino acids on the development of diet-induced obesity, were investigated
using the assessment of integral, biochemical, and morphological parameters on the de-
velopment of systemic inflammation accompanying the development of obesity using the
analysis of adipokines and cytokines.

Taking into account the data received, the addition of Tyr did not have a significant
effect in DBA/2J mice on feeding behavior (feed consumption) and accumulation of white
and brown fat but contributed to an increase in muscle tone and potentiated anxiety
enhancement in EPM. The reduction of the AsAT/AlAT ratio (De-Ritis [18]) under the influ-
ence of Tyr can be considered as a sign of a decrease in the intensity of protein catabolism
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when the transamination is reduced of aspartate with the formation of oxaloacetic acid
(OAA) [19]. This is consistent with the increase in total protein levels in mice of both
genotypes and albumin in DBA/2J mice receiving Tyr. An increase in urea levels in the
same animals can be explained by increased deamination of an excess of aspartate in the
urea cycle due to aspartate excess forming as a result of inhibition of its transamination
into OAA.

The effect of Tyr on the liver was different in DBA/2J mice and tetrahybrids. If,
in the first strain, the supplement led to an increase in AlAT activity and increased fat
accumulation, in the second one, these changes had the opposite direction. Only in DBA/2J
was a marked increase noticed in the level of IL-3 in combination with a decrease in IL-5.
The discrepancy of these immune parameters, according to the literature, can occur at the
level of a change in the ratio of specific receptors for IL-3 and IL-5 on eosinophils, which
can be one of the signs of eosinophilic liver inflammation [20,21].

In DBCB mice, Tyr supplementation significantly prevented the development of fatty
degeneration of hepatocytes caused by HFCD and contributed to the normalization of AlAT
levels. This corresponded to the minimum value of the leptin/ghrelin ratio, which may
indicate a weakening of the processes of lipogenesis [22]. Besides, Tyr exerted an influence
on the state of the heart muscle in these animals, contributing to the normalization of organ
mass and a decrease in CPK activity in the circulation.

The Trp supplementation did not affect the energy consumption of animals of both
lines but increased muscle-contraction force and activated the processes of mineral
metabolism, causing an increase in the levels of calcium and phosphorus in the blood
plasma. The effect of Trp on the liver was ambiguous. In DBA/2J mice, it manifested, on
the one hand, in the reduction of fat deposits and, on the other hand, in the development
of edema and the appearance of micronucleus cells. In DBCB mice, Trp caused increased
fat accumulation in the liver.

Thus, the features of the effect of Tyr supplementation on mice of the two lines used
had both similarities and differences. In DBA/2J and DBCB mice, this supplement caused
an increase in muscle tone, an increase in protein anabolic processes, and potentiated the
effect of anxiety increase with the age of animals. Besides, in DBA/2J mice resistant to the
development of diet-induced obesity, Tyr increased the toxic effect and fat accumulation
in the liver, whereas, in spontaneously hyperglycemic and obesity-prone DBCB mice,
these effects were opposite. These data are consistent with our previous results of a
comparative assessment of integral, biochemical, and physiological parameters in DAT-KO
knockout rats with genetic dopamine reuptake disorder and wild-type animals [23] and
indicate, apparently, the ability of dietary Tyr to modulate dopamine exchange in the
central nervous system.

Peculiarities of the action of the Trp supplement common to mice of both genotypes
consisted in a muscle tone increase and potentiation of anxiety increase with the age of
animals. The latter is in contradiction with a sedative effect postulated for Trp as a precursor
of serotonin [11]. Trp influenced the mobility in the EPM test only in DBCB but not in
DBA/2J mice. The differences between the two lines were manifested in the greater effect
of Trp on the protein metabolism in DBA/2J mice and the increased accumulation of fat in
the liver against the background of an increase in lipolytic activity in DBCB mice. Only in
the latter, Trp showed signs of an antioxidant effect in terms of GPO activity and a partial
cardioprotective effect (decrease in mortality, decrease in CPK activity, normalization of
heart mass). The reasons for the Trp effects on behavioral reactions, metabolic processes,
and toxic liver damage, which are complex and unequal for different mouse strains, should
be sought apparently in the interaction of this amino acid with the intestinal microbiome
of the animals. As it is known, indole and indolyl-3-propionic acid are among the main
microbial metabolites of Trp [24]. The first one, entering the liver, is transformed there by
the action of microsomal monooxygenases and sulfates into indoxyl sulfate, which has
a toxic and prooxidant action [25]. The second metabolite, on the contrary, is considered
as a trap of free radicals and can have a different, organ-protective effect under oxidative
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stress [26]. The ratio in the activity of different microbiota populations, alternatively
synthesizing these metabolites, can vary significantly in mice of different strains [27],
which partially explains the identified interlinear differences.

4. Materials and Methods
4.1. Animals and Experimental Design

The amino acids Tyr and Trp were purchased from Wirud Co (Bad Homburg, Germany),
with a purity of 99.6% according to the manufacturer. The degree of amino acid purity was
additionally checked by HPLC according to [28].

Male mice of inbred line DBA/2J, which were obtained from the nursery Stolbovaya
(Stolbovaya, Moscow region, Russia), and a complex hybrid of the 2nd generation (referred
to here as tetrahybrid) DBCB bred independently by crossing 4 different inbred lines of
mice (DBA/2J, BALB/c, CBA/lac, and C57Black/6J) were used. The age of the animals at
the beginning of the experiment was 8–9 weeks; the initial body weight (bw) was 24 ± 2 g.
The method for breeding hybrid mice was presented earlier [15]. The work with animals
was carried out following the rules of good laboratory practice [29] and in accordance
with the Order of the Ministry of Health of the Russian Federation No. 199n of 1 April
2016, “On the approval of rules of good laboratory practice”. The design of the experiment
was approved by the Ethics Committee of the Federal Research Centre of Nutrition and
Biotechnology (protocol No. 4 of 20 April 2017).

DBA/2J mice and DBCB tetrahybrid mice were divided into 4 groups of 8 individuals
not differing in the mean initial bw within each genotype (p > 0.05; ANOVA). Mice of the
1st (control) groups received a balanced, semi-synthetic diet for rodents corresponding to
AIN93M [30], with a content of 10% fat by weight, and drinking water purified by reverse
osmosis; the 2nd groups received a high-carbohydrate, high-fat diet (HFCD). Part of the
starch in HFCD was replaced with fat (a mixture of 1:1 refined vegetable oil and pork lard)
to a total fat content equal to 30% by weight of the dry substances of the diet, and drinking
water was replaced with a 20% aqueous solution fructose. The 3rd and 4th groups received
the same HFCD diet with the addition of Tyr and Trp in the estimated doses of 1250 and
250 mg/kg of bw, respectively. The indicated doses corresponded to a 2-fold increase of
both amino acids that were received from the dietary casein and apparently had no large
influence on diet palatability, meaning the bitter taste of these amino acids. Mice were kept
four individuals to a cage at a temperature of 21 ± 1 ◦C and a light/dark mode of 12/12 h.
The animals were fed diets for 65 days; moreover, food and liquid consumption were
determined daily, bw was measured weekly, and the appearance, activity, and behavior
were monitored.

4.2. Assessment of Behavioral Responses, Anxiety, and Muscle Tone Indices

Behavioral reactions (locomotor activity and anxiety levels) were studied in the el-
evated plus maze (EPM) installation (Panlab Harvard Apparatus company, Barcelona,
Spain) on the 8th and 59th days of the experiment by the techniques described earlier [15].

4.3. Assessment of Integral and Biochemical Indices

Animals were removed from the experiment on the 66th day by exsanguination from
the inferior vena cava under ether anesthesia. Blood was collected in measuring tubes
with 0.3 mL of 1% heparin, fixing the dilution of each sample. The liver, spleen, heart,
thymus, interscapular brown, and retroperitoneal white fat were collected and weighed
on a laboratory balance with an accuracy of ±0.01 g. Liver tissue samples about 5 mm in
diameter were fixed in a 3.7% formaldehyde solution in 0.1M sodium phosphate buffer pH
7.00 ± 0.05, dehydrated in alcohols of increasing concentration, impregnated with xylene,
and filled in with a homogenized Histomix® paraffin medium (BioVitrum, St. Petersburg,
Russia). Paraffin sections 3–4 µm thick were made on a Microm HM355s microtome (Leica
microsystems, Wetzlar, Germany), stained with hematoxylin and eosin using a standard
technique, and examined in an AxioImager Zl microscope (Zeiss, Oberkochen, Germany)
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with a digital camera at magnification ×400. Plasma biochemical parameters were deter-
mined on a Konelab 20i biochemical analyzer (Thermo Fisher Scientific, Waltham, MA,
USA). Standard methods such as kinetic methods recommended by the International Feder-
ation of Clinical Chemistry and Laboratory Medicine for alanine aminotransferase (AlAT),
aspartate aminotransferase (AsAT), creatine phosphokinase (CPK), and total lipase activity
were used. Glucoseoxidase enzymatic method for glucose, Trinder reaction with glycerol-
3-phosphate oxidase for triglycerides, UV kinetic urease method for urea, Biuret test for
proteins, a potentiometric method with ion-selective electrode for calcium, and spectropho-
tometric method for phosphorus were used also. The erythrocyte glutathione peroxidase
(GPO) activity was determined by a direct spectrophotometric endpoint method using
reduced glutathione as a substrate with Ellmann’s reagent in the presence of sodium azide.

4.4. Cytokines and Adipokines Analysis

Determination of cytokines IL-3, IL-5, IL-10, IL-12p70, IL-17A, MCP-1, and RANTES
and peptide hormones—ghrelin, insulin, and leptin—in the plasma of mice was performed
by multiplex immunoassay with the basic set of Bio Bio-Plex Pro™ Reagent Kit V supple-
mented with the following reagents: Bio-Plex Pro™ Mouse Cytokine IL-3 Set, Bio-Plex
Pro™ Mouse Cytokine IL-10 Set, Bio-Plex Pro™ Mouse Cytokine IL-12p70 Set, Bio-Plex
Pro™ Mouse Cytokine RANTES Set, Bio-Plex Pro™ Mouse Diabetes Set, Bio-Plex Pro™
Mouse Diabetes Insulin Set, and Bio-Plex Pro™ Mouse Diabetes Leptin Set. All are manu-
factured by Bio-Rad Laboratories, Inc. (Hercules, CA, USA). Studies were run on a Luminex
200 multiplex analyzer (Luminex Corporation, Austin, TX, USA) using xMAP technology
using Luminex xPONENT Version 3.1 software.

4.5. Statistical Analysis

Data were processed statistically using the ANOVA multivariate analysis of variance
based on dietary intake factors (standard diet/HFCD), animal genotype, and the presence
of Tyr and Trp in the diet; Wilcoxon–Mann–Whitney nonparametric test was used for
pairwise comparisons; Student’s t-test was used for pairwise related quantities for daily
energy intake; the SPSS 20.0 (IBM Corp., Armonk, NY, USA): software package was
used. Differences were considered significant when the probability of accepting the null
hypothesis was less than 0.05.

5. Conclusions

Adding amino acids Tyr and Trp to a high-carbohydrate, high-fat diet has a modu-
lating effect on behavioral reactions, signs characterizing the development of alimentary
obesity and liver damage, nitrogen metabolism, and the ratio of leptin and ghrelin produc-
tion, which is most pronounced in DBCB mice that are sensitive to the harmful effects of
this diet.

The largest differences in the response of mice of the two lines to the consumption of
amino acid supplements related to the effects on the level of locomotor activity and anxiety,
liver tissue morphology, and cytokine production. This indicates genotypically determined
features of the exchange of aromatic amino acids in mice of two strains, which leads,
apparently, to differences in the synthesis and degradation of regulatory biogenic amines,
including dopamine and serotonin, as well as some other biologically active and potentially
toxic metabolites. Similar genotypic differences that take place in the human population
probably present a source of ambiguity in the results of amino acid, as well as other
biologically active substances used as supplements in therapeutic and preventive nutrition.
Thus, the data obtained indicate the need to apply several qualitatively different in vivo
models of obesity and metabolic syndrome for preclinical evaluation of the efficiency
of biologically active substances in personalized therapeutic nutrition in patients with
disorders related to excess nutrition.
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Abstract: The gut microflora is a vital component of the gastrointestinal (GI) system that regulates
local and systemic immunity, inflammatory response, the digestive system, and overall health. Older
people commonly suffer from inadequate nutrition or poor diets, which could potentially alter the
gut microbiota. The essential amino acid (AA) tryptophan (TRP) is a vital diet component that
plays a critical role in physiological stress responses, neuropsychiatric health, oxidative systems,
inflammatory responses, and GI health. The present study investigates the relationship between
varied TRP diets, the gut microbiome, and inflammatory responses in an aged mouse model. We
fed aged mice either a TRP-deficient (0.1%), TRP-recommended (0.2%), or high-TRP (1.25%) diet for
eight weeks and observed changes in the gut bacterial environment and the inflammatory responses
via cytokine analysis (IL-1a, IL-6, IL-17A, and IL-27). The mice on the TRP-deficient diets showed
changes in their bacterial abundance of Coriobacteriia class, Acetatifactor genus, Lachnospiraceae
family, Enterococcus faecalis species, Clostridium sp genus, and Oscillibacter genus. Further, these
mice showed significant increases in IL-6, IL-17A, and IL-1a and decreased IL-27 levels. These data
suggest a direct association between dietary TRP content, the gut microbiota microenvironment, and
inflammatory responses in aged mice models.

Keywords: tryptophan; systemic inflammation; dysbiosis; gut; microbiota

1. Introduction

Balanced macronutrients (fats, carbohydrates, and proteins), micronutrients (minerals
and trace elements), and vitamins in our diets are important for maintaining healthy
physiological systems. However, poor nutrition is commonly observed in older populations
and associated with chronic disease conditions, such as impaired digestive health, a decline
in cognitive function, and a compromised immune system [1]. Interestingly, studies have
shown that diet alone could potentially have therapeutic effects in patients suffering from
chronic inflammatory diseases (such as inflammatory bowel disease) [2]. Thus, a better
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understanding of the relationship between the diet and specific disease processes could
have a significant impact on healthy lifespan in the aging population.

Amino acids (AA), the building blocks for protein synthesis, and their many metabo-
lites are particularly crucial for growth, reproduction, immunity, and whole-body home-
ostasis [3]. Tryptophan (TRP) is one of nine essential amino acids and is responsible for
modulating physiological stress responses, neuropsychiatric health, oxidative systems, and
the immune system [4]. TRP deficiency is associated with major depressive illness in both
males and females, and, in select cases, these depressive symptoms can be reversed by
TRP-rich diets [5,6]. Several studies have found that low-TRP diets can lead to growth retar-
dation, impaired reticulocyte function, and fatigue resistance, emphasizing the importance
of this amino acid in the human diet [7–9].

Studies have particularly highlighted the importance of TRP and its many metabolites
in systemic and local intestinal inflammatory mechanisms. TRP deficiency has been
shown to compromise immune response and impair disease resistance in teleost fish [4].
Furthermore, gut health and intestinal immunity require sufficient dietary TRP for efficient
immunological response and intestinal homeostasis [10]. TRP metabolites (kynurenines,
serotonin, and melatonin) and bacterial TRP metabolites (indole, indolic acid, skatole, and
tryptamine) are known to support gut microbiota, microbial metabolism, the host’s immune
system, and host–microbiota synergy [10]. In fact, disruptions in the gut lactobacillus
strains responsible for TRP metabolism can lead to intestinal inflammation and colitis [11].

In this study, we aimed to better define tryptophan’s role in the immune response
and its effect on the gut microbiome, specifically in relation to age. We fed aged mice TRP-
deficient (0.1%), TRP-recommended (0.2%), and high-TRP (1.25%) diets for eight weeks and
observed the responses to the gut bacterial environment and the inflammatory responses.
We hypothesized that a TRP-deficient diet would exert a systemic pro-inflammatory re-
sponse and alter gut bacteria homeostasis.

2. Results
2.1. Gut Microbial Taxonomic Analysis

Fecal microbiota analysis was performed on three groups (21 total samples): control
diet (n = 7), TRP-deficient diet (n = 7), and TRP-rich diet (n = 7). We analyzed the gut
microbiota composition using the 16S rRNA amplicon sequencing of fecal contents and
observed distinct differences in the microbial taxa associated with TRP dose variation.
Microbiota diversity is typically described in terms of within (i.e., α) and between sample
(i.e., β) diversities. α-diversity indices both at the phylum and genus level were not
different between the groups of mice that were fed different doses of TRP (Figure 1). Non-
metric multidimensional scaling (NMDS) ordination plots using a Bray–Curtis distancing
matrix of β-diversity revealed significant differences at the genus levels (Dose, p < 0.05);
however, at the phylum level there were no differences due to the TRP content in the diet
(Figure 2).
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Figure 1. Alpha diversity measurements for aged mice fed with TRP-deficient and TRP-rich diets. α-diversity indices at 
the (A) genus and (B) phylum levels. Statistical differences between the group’s control diet (n = 7), TRP-deficient diet (n 
= 7), and TRP-rich diet (n = 7) were determined by Kruskal Wallis one-way ANOVA for doses of TRP. Data are expressed 
as mean ± SE and all comparisons at all indices were non-significant. 
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control diet (n = 7), TRP-deficient diet (n = 7), and TRP-rich diet (n = 7). Data showed no significant differences at (A) the 
phylum levels but formed distinct clusters at (B) the genus level specific to a TRP-deficient diet; (Permanova, F-value; 
2.5034, R-squared; 0.21762, p-value < 0.022). 
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2.2. Effect of TRP Supplementation on Taxonomical Differences

The heat tree analysis leverages the hierarchical structure of taxonomic classifications
to quantitatively (using the median abundance) and statistically (using the non-parametric
Wilcoxon Rank Sum test) depict taxonomic differences between microbial communities
or abundance profiles for a group. The Phylogenetic Heat Tree illustrates the differences
in relative bacterial abundance between gut microbiota compositions in mice who were
fed a diet with different TRP doses (Figure 3). Red colored nodes denote the enriched
bacteria the comparison listed (Figure 3). Mainly Firmicutes and Bacteroidetes dominated
gut microbiota composition at the phylum level. Other phyla such as Proteobacteria, Verru-
comicrobia, Tenericutes, Deferribacteres, and Actinobacteria comprised the rest (Figure 4).
Lower TRP supplementation reduced the Deferribacteres abundance, whereas higher
supplementation not only restored but also increased the abundance (Figure 4). A trend
for an increase in Proteobacteria abundance was seen in the mice who were fed the low-
and high-dose TRP diets. At the genus level, out of 170 genera the Dunn test revealed
significant groupwise differences in 21 genera (p < 0.05). Notably, Mucispirillum and
lachnospiraceae bacteria went down with a low-TRP diet and were restored or increased in
abundance on the higher TRP diet (Figure 5). The bacteria Acetatifactor, Enterorhabdus,
and Adlercreutzia went up with a low-TRP diet and restored or decreased with a high-TRP
diet (Figure 5).
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2.3. Serum Cytokine Analysis

It has been previously reported that an amino acid deficiency can induce systemic
inflammation [12]. To assess the effects of the TRP-deficient vs. a TRP-rich diet on the
systemic immune profile, we measured the pro-inflammatory cytokines IL-17A and IL-
1a and the dual functioning pro- and anti-inflammatory cytokines IL-6 and IL-27 in the
serum. We found that IL-6 was significantly (p-value = 0.04) elevated in the TRP-deficient
diet, while a trend toward low IL-6 levels was found in the TRP-rich diet (compared to
TRP-deficient diet). The pro-inflammatory cytokine IL-1a was significantly up-regulated
compared to both the control (p-value = 0.008) and TRP-rich diets (p-value = 0.04). The
anti-inflammatory cytokine IL-27 showed a significant (p-value = 0.05) decrease in the
TRP-deficient diet compared to the control diet. The pro-inflammatory cytokine IL-17a
showed a trend for up-regulation with the TRP-deficient diet compared to both the control
and TRP-rich diets (Figure 6). Overall, the results revealed that the animals fed with the
TRP-deficient diet had an elevated pro-inflammatory cytokine level compared to those fed
a normal and a TRP-rich diet (Figure 6).
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3. Discussion

The essential amino acid (AA) Tryptophan (TRP) plays a crucial role in regulating
systemic immune responses and mental and gut health. However, an age-dependent
relationship between TRP deficiency and gut microbiota health has not yet been reported.
The present study explored this potential relationship between the gut microbiota and
changes in the inflammatory milieu in aged mice after exposure to either a TRP-deficient
(0.1%) or a TRP-rich (1.25%) diet for eight weeks. We found that the low-TRP diet animals
exhibited altered bacterial composition in their gut microbiota compared animals fed with
control and TRP-rich diets. Moreover, we also found that the low TRP diet-fed animals
had an elevated level of systemic inflammation.

Changes in the gut microbiota (dysbiosis) or a reduction in bacterial diversity can
result in many intestinal diseases [13,14]. Our study found differences in the bacterial
abundance of Coriobacteriia class, Acetatifactor genus, Lachnospiraceae family, Enterococcus
faecalis species, Clostridium sp. genus, and oscillibacter genus in animals fed with TRP-
deficient diets. Previously, this bacterial abundance/dysbiosis has been reported in a
number of pathophysiological conditions [15,16]. Enterorhabdus genus is a member of the
Actinobacteria phylum and Coriobacteriia class that has been associated with ileocecal
mucosal inflammation in mice [1,2]. Enterorhabdus mucosicola and Enterorhabdus caecimuris
species were both isolated from the ileocecal regions of mice suffering from colitis and
intestinal inflammation [1,2]. An increased presence of Enterorhabdus genus is suggestive
of promoting or is associated with mucosal inflammation in the GI tracts of mice. Our
study found significant increases in Enterorhabdus genus abundance in TRP-deficient mice,
suggesting that these animals might be under chronic inflammatory stress.

Our study also found a significantly increased abundance of Adlercreutzia genus (Acti-
nobacteria phylum) in the TRP-deficient mouse gut microbiota. Moon et al. (2018) found
relatively low abundances of Adlercreutzia in diabetic women and increased plasma lev-
els of TRP metabolites (e.g., kynurenine) [17]. Their findings suggest that gut-derived
Adlercreutzia genus abundances are indirectly associated with increased TRP metabolism.
These results are further supported by our finding that Adlercreutzia genus is correlated
with TRP metabolites. We also noted more than a three-fold increase in Acetatifactor bac-
terium in TRP-deficient mice. Interestingly, Acetatifactor muris is associated with intestinal
inflammation. Transplanting fecal microbiota rich in Acetatifactor muris into healthy wild-
type mice induced colonic inflammation [15]. This bacterium’s significant increase in the
gut microbiota could potentially promote intestinal inflammation and related adverse
effects. Although our study found the Acetatifactor genus to increase, we found that the
Lachnospiraceae family generally decreased significantly. Lachnospiraceae is a family of
anaerobic, spore-forming bacteria that produce butyric acid, which is protective against
colon cancer development in humans [16,18]. The general decrease in bacteria in the Lach-
nospiraceae family and increases in the Acetatifactor genus strongly indicated a systemic
elevation of inflammation in the TRP-deficient group.

It has been previously reported that Clostridium sp. metabolizes TRP and generates
indoxyl sulfate (IS) and indole-3-propionic acid (IPA) [19]. Indoxyl sulfate is a toxic metabo-
lite that enhances oxidative damage in intestinal epithelial cells and compromises the
epithelial layer lining the intestines [20]. Conversely, IPA is a TRP metabolite that pro-
tects mice from dextran sodium sulfate (DSS)-induced colitis, suggesting that it has some
anti-inflammatory role [21]. Previously, Konopelski et al. reported that rats on a TRP-free
diet had a lower concentration of IPA in stool and blood [9]. In our study, we found
Clostridium sp. to be significantly decreased in TRP-deficient mice. Our data indicated
that TRP deficiency might have some protective as well as harmful pro-inflammatory
effects via decreased Clostridium sp. abundance. Clostridium species are also known to
regulate the critical neurotransmitter serotonin (5-HT) in the gut [22]. The human colon
promotes 5-HT biosynthesis, which regulates many physiological processes, including
neurotransmission, mood, sleep, memory, intestinal motility, and digestion [22]. Decreased
Clostridium sp. may lead to lower levels of 5-HT, leading to depression, impaired digestions,
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and neuropsychiatric conditions. Similarly, the number of other gut bacterium significantly
decreases in TRP-deficient groups such as Oscillibacter valericigenes, Mucispirillum, and
Blautia genus. These gut bacteria play a significant role in maintaining human and animal
gut microflora health [5,6,9,23]. Studies have found O. valericigenes to be significantly
decreased in Crohn’s disease patients’ microflora, with elevated inflammation [23]. Mu-
cispirillum genus bacterium encodes for proteins that resist the oxidative bursts associated
with inflammatory states [5]. These bacterial species express superoxide reductase, cata-
lase, cytochrome c oxidase, and rubrerythrin that utilize diverse reactions to neutralize
reactive oxygen species [5,6]. The Blautia genus is known for its anti-inflammatory prop-
erties. For example, Jenq et al. demonstrated increased abundances of the Blautia genus
with decreased graft-versus-host-disease mortality and improved survival after allogeneic
bone marrow transplantation [9]. Their results suggest some level of anti-inflammatory
properties mediated by the Blautia genus.

Based on dysbiosis in the gut microbiota of the TRP-deficient diet, we hypothesized
that gut microbiota changes might induce the systemic release of cytokines. To investigate
this, we measured the predominantly pro-inflammatory cytokines IL-17A and IL-1a and
the dual functioning pro- and anti-inflammatory cytokines IL-6 and IL-27 in the serum
of animals placed on the TRP-deficient diet. Our data showed significant increases in
IL-6, IL-17A, and IL-1a, but a significant decrease in IL-27. It is interesting that the mice
fed with a TRP rich diet presented with higher IL-27, a cytokine known to prevent IL-
17 transcription. The production of IL-27 along with Aryl hydrocarbon receptor (AhR)
activation helps in the generation of regulatory T cells in the gut [24]. IL-27 prevents
excessive inflammation by controlling IL-17 responses by the generation of regulatory T
cells. It also maintains the gut epithelial barrier, including the enhancement of indoleamine
2,3-dioxygenase (IDO1) expression [25]. The overall effect of TRP deficiency is geared
toward a systemic pro-inflammatory state. The elevated level of systemic pro-inflammatory
status in a TRP-deficient diet might be due to a combination of different reasons, such as
(1) decreased levels of cellular TRP metabolites (Kynurenine pathway metabolites) and
bacterial-derived TRP metabolites (indole, indolic acid, and tryptamine), (2) the dysregula-
tion of AhR transcription factor, (3) increased oxidative stress due to the TRP deficiency diet
and its metabolites (e.g., IPA), and/or (4) direct changes in the composition of the gut mi-
crobiota. The cellular and gut microbiota-derived TRP metabolites are endogenous ligands
of AhR [26–28]. A low level of TRP in the diet may decrease endogenous ligands of AhR,
leading to the dysregulation of transcription factor (AhR). It has been previously reported
that the AhR plays a significant role in maintaining gut and systemic inflammation in hu-
mans and rodents [28,29]. Furthermore, a decrease in microbiota-derived TRP metabolites
such as Indole-3-propionic acid (IPA) leads to the accumulation of reactive oxygen species
(increased oxidative stress). IPA is a potent antioxidant known to play an important role
in neuroprotection [30,31], anti-non-alcoholic steatohepatitis [32], and protection against
radiation toxicity [33], and reduced the bacterial load in a mouse model of acute M. tubercu-
losis infection [34]. TRP metabolism signaling is complex; the endogenous metabolites of
TRP (kynurenine pathway) are known to elevate the inflammatory process [35], whereas
gut-derived indoles derivatives reveal an anti-inflammatory effect [21].

A balanced diet is required for minimizing age-associated diseases. The gastrointesti-
nal (GI) system is a critical organ that is commonly compromised in the elderly population.
Studies have postulated that gut microbiota’s dynamic changes in the aging population
could modulate changes in immunity and cognitive functioning, thus contributing to
certain diseases [36]. The bacterial gut composition in human and animal models has been
shown to play a critical role in regulating intestinal conditions such as colitis and allergic
diarrhea via regulatory T-cell (T-reg) modulation [10,11,37]. Most importantly, diet has
been directly linked to microbiota composition in humans and rodents [10,11,13,14,36–41].
A further detailed investigation is needed to elucidate the relationships between the TRP
metabolites, AhR signaling, and systemic inflammation in age-related pathophysiologi-
cal conditions.
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4. Materials and Methods
4.1. Animal Study

All protocols were conducted by following the guidelines established by the Augusta
University Institutional Animal Care and Use Committee (AU-IACUC, Protocol number:
2009-0065). Twenty-month-old male C57BL/6 mice were obtained from the aged rodent
colony at the National Institute on Aging. The animals were fed either standard TRP (0.2%),
low-TRP (0.1%) or high-TRP (1.25%) diets for eight weeks. TRP concentration was selected
based on previously published data [42]. Diets were prepared by Envigo-Teklad (Madison,
WI, USA) in consultation with their nutritionist and were isocaloric purified diets that
contained all essential amino acids. Fecal samples were collected at the end of 8 weeks,
and animals were euthanized using CO2 overdose followed by thoracotomy according to
an AU IACUC-approved protocol.

4.2. Microbial Community Profiling Using 16S rRNA Amplicon Sequencing

The MO BIO PowerSoil DNA Isolation kit (Qiagen, Germantown, MD, USA) was
used to isolate genomic DNA samples from the fecal samples of mice. Fecal contents were
carefully added to 96-well plates with beads and recommended buffers. The plates were
sealed, added to the MO BIO shaker, and shaken horizontally at 20 rpm for 20 min. The
isolated genomic DNA was quantified with nanodrop and stored at −20 ◦C. The DNA
samples were shipped to Novogene Corporation, Inc. (Durham, NC, USA), for 16S V3-V4
region amplicon sequencing.

4.3. Bioinformatics Analysis

BIOM files were analyzed using MicrobiomeAnalyst—a web-based tool for the sta-
tistical and visual analysis of microbiota data. Reads were initially denoized using filters
with a minimum number of five reads in a minimum of one sample required to retain
an OTU. Total read counts for the run were 754,355, with 35,921 per sample. Sample
reads were normalized and rarefied to the minimum library, then data scaling (total sum
scaling) was performed before the final analysis. Minimum read filtering was applied
in MicrobiomeAnalyst for alpha and beta diversity calculations but was increased to a
minimum of 10% prevalence with a count of 4 for differential abundance analysis. Low
variance filter was set at 5% for the inter quartile range. Alpha diversity profiling and
significance testing were conducted using one-way ANOVA at the genus and phylum
taxonomic level. For beta diversity, permutational MANOVA (PERMANOVA) was used
to compute groupwise differences. Differential abundance was calculated univariately.
All p-values were calculated using the Kruskal Wallis test and the Dunn test unless stated
otherwise. Microbiota figures (Figures 1–4) were prepared using open licensed software R.

4.4. Serum Cytokine Analysis

At the end of study, blood was drawn from animals by cardiac puncture. Levels
of selected cytokines were measured in the serum by LEGENDplex Cytokines Detection
(BioLegend, San Diego, CA, USA), as described by the manufacturer. The simultaneous
quantification of cytokines in mouse sera was performed using the LEGENDplex mouse
Inflammation Panel with V-bottom Plate (BioLegend Cat# 740446) according to the manu-
facturer’s instructions. In brief, samples were thawed completely, mixed, and centrifuged
to remove particulates prior to use. To achieve measurement accuracy, samples were
diluted 2-fold with assay buffer, and standards were mixed with Matrix C (BioLegend) to
account for additional components in the serum samples. Standards and samples were
plated with capture beads for IL-1α, IL-6, IL-17A, and IL-27 and incubated for 2 h at room
temperature on a plate shaker (800 rpm). After washing the plate with wash buffer, detec-
tion antibodies were added to each well. The plate was incubated on a shaker for 1 h at
room temperature. Finally, without washing, SA-PE was added and incubated for 30 min.
Samples were acquired on the CytoFLEX flow cytometer (Beckman Coulter Life Sciences,
Indianapolis, IN, USA). Standard curves and protein concentration were calculated using
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the R package DrLumi [43] installed on R 3.5.2 (https://www.r-project.org/, accessed on
7 May 2021). The limit of detection was calculated as an average of background samples
plus 2.5 × SD. Assay and data calculations were performed using the Immune Monitoring
Shared Resource (Augusta University).

4.5. Statistical Analysis

The results are shown as means ± standard deviations. GraphPad Prism 5 (La Jolla,
CA, USA) was utilized to perform ANOVA with Bonferroni pair-wise comparison or
unpaired t-tests as appropriate. A p-value of <0.05 was considered significant.
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Abstract: The objective of this study was to investigate the effects of supplementing with L-tryptophan
(L-Trp) on milk protein synthesis using an immortalized bovine mammary epithelial (MAC-T) cell line.
Cells were treated with 0, 0.3, 0.6, 0.9, 1.2, and 1.5 mM of supplemental L-Trp, and the most efficient
time for protein synthesis was determined by measuring cell, medium, and total protein at 0, 24, 48,
72, and 96 h. Time and dose tests showed that the 48 h incubation time and a 0.9 mM dose of L-Trp
were the optimal values. The mechanism of milk protein synthesis was elucidated through proteomic
analysis to identify the metabolic pathway involved. When L-Trp was supplemented, extracellular
protein (medium protein) reached its peak at 48 h, whereas intracellular cell protein reached its peak
at 96 h with all L-Trp doses. β-casein mRNA gene expression and genes related to milk protein
synthesis, such as mammalian target of rapamycin (mTOR) and ribosomal protein 6 (RPS6) genes,
were also stimulated (p < 0.05). Overall, there were 51 upregulated and 59 downregulated proteins,
many of which are involved in protein synthesis. The results of protein pathway analysis showed that
L-Trp stimulated glycolysis, the pentose phosphate pathway, and ATP synthesis, which are pathways
involved in energy metabolism. Together, these results demonstrate that L-Trp supplementation,
particularly at 0.9 mM, is an effective stimulus in β-casein synthesis by stimulating genes, proteins,
and pathways related to protein and energy metabolism.

Keywords: L-tryptophan; amino acids; MAC-T cell; proteomics; omics; β-casein; mTOR

1. Introduction

Balancing the profile of essential amino acids (EAAs) can result in higher utilization
efficiency of nitrogen, leading to enhanced bovine milk protein synthesis [1,2]. Due to
the pivotal importance of milk protein in human health, investigating supplementation
with AAs (e.g., methionine, lysine) as the main nutrients that can positively stimulate
milk protein synthesis in mammary epithelial cells (MEC) has been a priority as of late [2].
Tryptophan (Trp), known as a conditional EAA [3], can be supplemented in the diets
of animals and humans when targeting maximal production, cell growth, and prolifera-
tion [4–6]. Furthermore, Trp has been widely introduced as a mostly harmless supplement
for humans to cope with health issues such as stress and depression. In animals of dif-
ferent species, L-Trp is used for alleviating stress (e.g., heat and cold) [4] by simulating
serotonin [7] and melatonin [4,5,8], improving muscle cell growth [6], antioxidation [9],
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and inducing milk protein, lactose, and unsaturated fatty acids, which can also enhance
human health [10,11], as people are the primary consumers of the products. While L-Trp
as a supplemental nutrient has been used to induce muscle growth and development
in human athletes [12,13] and beef cattle [6], there is a lack of insight into defining the
optimum doses for enriching milk quality components to avoid the risk of overdose effects
and provide maximum positive effects.

In monogastric cell lines and tissues, the stimulation of protein synthesis through
mammalian target of rapamycin (mTOR) signaling is activated by individual AAs, in
particular leucine (Leu) [2,14]. However, to what extent the mTOR signaling pathway can
be activated directly by changes in EAAs, specifically L-Trp ratios, in bovine MEC remains
unknown [2]. Moreover, the underlying mechanisms behind the effects of L-Trp need to be
addressed. Before investigating the implication of L-Trp usage in vivo, it is important to
define the optimum levels according to several prior in vitro studies in order to validate
the benefits while avoiding ineffective high or low levels of supplementation.

In our laboratory, we took steps to examine the effects of L-Trp supplementation on
muscle development and gene expression during heat and cold stress, and L-Trp proved to
have anti-stress effects by simulating serotonin and melatonin in beef cattle [4–6]. Further-
more, in order to comprehend the mechanisms of L-Trp supplementation in influencing
protein synthesis or affecting energy metabolism, metabolic pathways need to be investi-
gated [10,12,13]. Investigating the metabolic pathway related to induced protein synthesis
will help to improve our understanding of the reasons behind the phenomena [7,11,15],
particularly for the purpose of milk enrichment. However, to date, no provisional and
validated study has been conducted to determine what levels of L-Trp in a bovine mam-
mary cell substratum will have the best influence on altered β-casein synthesis and related
protein and energy metabolism pathways in vitro. L-Trp may supply nutrients necessary
for protein synthesis, and this study may improve our understanding of how it regulates
the expression of genes involved in milk protein synthesis in terms of nutrigenomics. There-
fore, this study is the first to design supplementation of L-Trp in various doses to test the
effects on increased medium protein and alterations in the expression of genes and proteins
involved in milk protein synthesis and energy metabolism in bovine mammary cells.

2. Results

In this study, we compared the effects of different levels of L-Trp supplementa-
tion at various times on protein synthesis and the expression levels of β-casein, mRNA,
and proteins.

2.1. AA Time and Dosage Sampling

Intracellular protein (cell protein) peaked at 96 h with 0 mM concentration of L-Trp
(Figure 1a). In terms of extracellular protein (medium protein), when L-Trp was added,
most concentrations peaked at 48 h (Figure 1b). Thus, 48 h was the optimal incubation time
for the secretion of medium protein by bovine mammary epithelial (MAC-T) cells. The
result of the incubation time test suggested that 48 h should be adopted as the incubation
time for further tests of L-Trp efficacy for protein synthesis. Tables S1–S3 shows the average
relative percentages of cell, medium and total protein, respectively.

To have a clear picture of the distribution or spread of our data, the statistical analysis
of heterogeneity (Q) was done on our cell, medium, and total protein (Tables S4–S6). Data
show that the replications do not vary from each other or homogeneous (p < 0.05).

A confirmatory study was performed to determine the ideal dose of L-Trp at 48 h,
which was considered as the optimal cultivation time (Figure 2). Although the value was not
significantly different, 0.9 mM showed the numerically highest relative protein quantity. The
relative percentage of medium protein level on MAC-T cells supplemented with different
levels of L-Trp at 48 h incubation is shown on Table S7. Statistical analysis of heterogeneity
(Q) of medium protein (Table S8) of MAC-T cells supplemented with different dosages
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(0, 0.3, 0.6, 0.9, 1.2, 1.5 mM) of L-Tryptophan at 48 h incubation time shows that replication
samples are homogeneous except for 0.3 mM homogeneous (p < 0.05).
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Figure 1. Relative protein content: (a) cell protein quantity, (b) medium protein quantity, and (c) total protein quantity (cell
and medium) in bovine mammary epithelial (MAC-T) cells incubated with different levels of L-Trp (0, 0.3, 0.6, 0.9, 1.2,
1.5 mM) for 0, 24, 48, 72, and 96 h. Values are expressed as means ± SE (n = 6 per group).

2.2. Real-Time Polymerase Chain Reaction (RT-PCR)

In terms of mRNA relative gene expression, β-casein mRNA expression and genes
related to milk protein synthesis, such as mTOR and RPS6, were also stimulated upon
addition of 0.9 mM L-Trp (p < 0.05) (Figure 3). On the other hand, there was no effect on
S6K1 and LDH-B gene expression upon addition of L-Trp (p > 0.05).
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Analyzed by t-test between 0 and 0.9 mM L-Trp at 48 h: * p < 0.05, ** p < 0.01.
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2.3. Proteome Analysis

In total, the addition of 0.9 mM L-Trp caused upregulation of 51 proteins and down-
regulation of 59 proteins, many of which are involved in protein synthesis (Table 1). The
overall lists of upregulated as well as downregulated proteins in MAC-T cell are found in
Tables S9 and S10. The result of protein pathway analysis showed that L-Trp stimulated
glycolysis, the pentose phosphate pathway, and ATP synthesis, which are pathways in-
volved in and related to energy metabolism (Table 2). Lastly, to summarize the results,
a diagram of the effect of L-Trp supplementation on milk protein synthesis pathway was
created (Figure 4).

Table 1. Differentially expressed proteins in MAC-T cells supplemented with L-Trp compared with control.

Detected Proteins

Number of protein increased 51
Number of protein decreased 59

Selected downregulated and upregulated proteins NH
HSPD1 (60 kDa heat shock protein, mitochondrial) HSPD1 N

HSPA1A (Heat shock 70 kDa protein 1A) HSPA1A N
ATP5B (ATP synthase subunit beta, mitochondrial) ATP5B H

EEF1A1 (Elongation factor 1 alpha 1) EEF1A1 H
RPSA (Similar to 40S ribosomal protein SA (fragment)) RPSA H

ATP synthase subunit alpha, mitochondrial ATP5A1 H
RPS18 (40S ribosomal protein S18) RPS18 N

EIF4A1 (Eukaryotic initiation factor 4A-I) EIF4A1 H
EEF2 (Elongation factor 2) EEF2 H

RPS25 (40S ribosomal protein S25) RPS25 N
EEF1G (Elongation factor 1-gamma) EEF1G H

RPN2 (Dolichyl-diphosphooligosaccharide–protein glycosyltransferase) RPN2 H
ATP1A2 (Sodium/potassium-transporting ATPase subunit alpha-2) ATP1A2 H

GPI (Glucose-6-phosphate isomerase) GPI H
RPL11 (60S ribosomal protein L11) RPL11 H

RPS2 (40S ribosomal protein S2) RPS2 H
N, Upregulated (>2-fold greater protein expression than control); H, downregulated (<0.5-fold greater protein expression than control).

Table 2. Protein and energy metabolism-related pathways stimulated by supplementation of L-Trp
compared with control.

Detected Pathways *

Apoptosis signaling pathway
p53 pathway

Glycolysis
Pentose phosphate pathway

ATP synthesis
CCKR signaling map

Endothelin signaling pathway
FGF signaling pathway

Ras pathway
EGF receptor signaling pathway

* Significantly increased protein and energy metabolism-related pathways (p < 0.05) compared with control,
as determined by the PANTHER online tool for Bos taurus (see Methods for data explanation).
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potassium-transporting ATPase subunit alpha-2; AMPK, AMP-activated protein kinase; PI3 kinase, phosphoinositide 3-kinase;
Akt, protein kinase B; mTOR, mammalian target of rapamycin; S6K, S6 kinase; RPS6, ribosomal protein S6; RPS18, 40S ribosomal
protein S18; RPS25, 40S ribosomal protein S25.

3. Discussion
3.1. AA Time and Dosage Sampling

For the optimal time test, most concentrations peaked at 48 h, which was also the
optimal incubation time for the secretion of medium protein by MAC-T cells. This is also
the time when the secretion of β-casein was at its peak after L-Trp was added. The L-Trp
dose test showed that 0.9 mM was the most effective concentration in increasing CSN2
mRNA expression, indicating that this would be the optimal concentration level. This
outcome suggests that 48 h should be selected to test different L-Trp concentrations because
of the efficacy in increasing CSN2 mRNA expression and protein synthesis in MAC-T cells
in this time period.

3.2. CSN2 and Protein Synthesis-Related Gene Expression

Supplementation with 0.9 mM L-Trp also increased the relative expression of β-casein.
In addition, L-Trp supplementation stimulated the mRNA relative expression of genes
related to protein synthesis, especially mTOR and RPS6. A similar result was observed
in a 9 h infusion study, in which a response in RPS6 phosphorylation to the addition of
EAA plus glucose was reported [16]. Amino acids (AAs) not only act as substrates for
protein synthesis, but also serve as signaling molecules that regulate synthesis [17,18]. The
availability of AAs for mammary epithelial cells is of pivotal importance for the regulation
of translation, and for the transport rate of AAs as one of the major limiting factors in
protein synthesis [19–21]. In another study, a decline in mTOR signaling and fractional
synthesis rate (FSR) in bovine mammary acini was observed when media were devoid of
total EAA [22]. Hence, L-Trp may not only supply nutrients necessary for protein synthesis,
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but also regulate the expression of genes involved in milk protein synthesis in terms of
nutrigenomics.

Specific AAs can affect translation initiation and elongation rates via two main path-
ways: the integrated stress response (ISR) and the mammalian target of rapamycin (mTOR)
pathways [23]. There is direct evidence that AAs can increase mTOR phosphorylation
and/or activity in the case of intact cells [24,25]. Amino acids affect mTOR signaling in
bovine mammary epithelial (BME) cells [26], which is associated with increased milk pro-
tein synthesis in lactating cattle [16,27]. The stimulation of protein synthesis induced by
AA [28] is known to be at least partially mediated by mTOR, a protein kinase present in
rapamycin-sensitive mTOR complex 1 [29]. The mechanisms through which AA regulate
mTOR stimulation are not yet fully understood, but it has been proposed that several protein
factors, such as Ras homolog, class III PI3K Vps34, and Rag GTPases, mediate AA signal-
ing on mTOR [30]. It is worth noting that among protein and energy metabolism-related
pathways in this study, the Ras pathway was stimulated upon supplementation of L-Trp.

The mTOR pathway circles around mTOR complex 1 [31]. In mTOR complex 1, mTOR
phosphorylates the downstream proteins that monitor the rate of translation initiation and
elongation [31,32]. In previous studies, the effect of EAAs on the mTOR pathway was
widely demonstrated in splanchnic, muscle, and mammary tissues [33–35]. When activated
by AA, mTOR in turn catalyzes phosphorylation of S6K1 and 4EBP1 [36]. In the case of
bovine mammary epithelial cells, a study showed that deprivation of all EAAs affected
the phosphorylation of mTOR downstream proteins S6K1 and 4E-BP1 and fractional
synthesis rates of β-LG [26]. This showed that infusion of EAAs plus glucose reduced the
phosphorylation of the IRS-target eIF2 in mammary tissue and increased phosphorylation
of the mTOR targets ribosomal S6 kinase 1 (S6K1) and S6 [16]. In addition, in another study,
removal of L-Trp reduced S6K1 phosphorylation [37], which is consistent with a prior study
in rat liver. Conversely, supplementing with L-Trp did not stimulate S6K1 gene expression,
even though this is just expression and not phosphorylation. This is in accordance with
the results of another study [38], in which Trp, Phe, and Met addition had no effect on
S6K1 phosphorylation.

3.3. Proteomics Analysis

In the proteomics result, supplementation with L-Trp decreased EEF1A1, EEF2, and
EEF1G protein expression. Although eEF2 protein is not a direct substrate of mTOR,
an inverse relationship between phosphorylation of mTOR and eEF2 has been reported [39].
When eEF2 binds to the ribosome, eEF2 mediates the translocation step of the elongation
process. Phosphorylation of eEF2 at Thr56 by eEF2 kinase decreases the affinity of eEF2
for the ribosome [40]. eEF2 phosphorylation, which decreases the elongation rate, is
inhibited by the mTOR pathway downstream of kinase S6K1, which results in a positive
effect of mTOR on the casein fractional synthesis rate (CFSR) [23], in line with the results
obtained in this study. It has been suggested that eEF2 may be a limiting factor in milk
protein synthesis [40]. The negative relationship between phosphorylated eEF2 and protein
synthesis rates indicates an important role for eEF2 in mammary protein synthesis [37].
Another study also showed an inverse relationship between eEF2 phosphorylation and milk
protein yield in dairy cows treated with growth hormone [12]. It has been reported that
protein synthesis rates were strongly associated with phosphorylation of eEF2 in mammary
tissue slices [37]. The aforementioned pathway review may explain the obtained results.

RPS6 was also negatively correlated with eEF2 [8]. This also agrees with our result
that there was increased gene expression of RPS6 but decreased protein expression of eEF2.
It has long been known that the addition of a physiological mixture of AAs to hepatocytes
will result in strong and rapid phosphorylation of RPS6 [41,42]. RPS6 protein is a com-
ponent of the 40S ribosomal subunit and one of the endpoints of insulin signaling, and
phosphorylation of this protein is needed for the translation of certain mRNA molecules
encoding proteins in the protein-translation machinery [30]. The increased expression
of RPS6 coincides with the increased mTOR gene expression. This is in accordance with
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a previous study in which the AA-stimulated phosphorylation of RPS6 was completely
inhibited by applying rapamycin, implying that mTOR3 is upstream of RPS6 in the AA
signaling pathway [41,42].

It is also especially important to note the decreased expression of eukaryotic initiation
factor 4A-I (EIF4A1) protein. Protein synthesis rates primarily depend on translation initia-
tion and elongation rates, which are regulated by several eukaryotic initiation factors (eIFs)
and elongation factors (eEFs) [43]. Activation of these proteins occurs through changes in
their phosphorylation state, influenced by the addition of AAs and hormones [44]. Accord-
ingly, studies have shown that AAs are likely to regulate eIF and eEF phosphorylation in
skeletal muscle and liver cells via the mTOR signaling pathway [33,45].

3.4. Metabolic Pathway Analysis

Protein and energy metabolism-related pathway results showed that glycolysis, the
pentose phosphate pathway, and ATP synthesis were stimulated upon supplementation
with L-Trp. These energy-related pathways are stimulated in parallel with the increased
protein synthesis rates due to the fact that milk protein synthesis is an energy-consuming
process [46,47]. The interaction between energy and protein supplementation in the phos-
phorylation of mTOR in dairy cows infused for 36 h with starch and energy has been
reported [48]. In that study, they investigated signaling pathways responsive to casein and
starch infusion in primiparous mid-lactation Holstein cows. The results showed that cell
signaling molecules involved in the regulation of milk protein synthesis responded differ-
ently to the various nutritional stimuli, and the phosphorylation of mTOR was increased
in response to starch when casein was infused.

4. Materials and Methods
4.1. AA Dose and Sampling Time

Immortalized mammary epithelial (MAC-T) cells [38] from McGill University, Canada,
were grown in 10 cm dishes (TPP, Trasadingen, Switzerland). MAC-T cells were incubated
in DMEM/F12 basic medium for 72 h or until the cells reached 90% confluency. The mea-
surement of doubling time of MAC-T cell and the method of determining cells reaching
90% confluency are found in Figures S1 and S2. The cells were then seeded into 6-well
U-shaped multiwall plates (BD Falcon™, Franklin Lakes, NJ, USA). They were cultured
in DMEM/F12 basic medium (Thermo Scientific, South Logan, UT, USA) supplemented
with 10% fetal bovine serum (FBS), 100 units/mL penicillin/streptomycin (Thermo Scien-
tific, South Logan, UT, USA), 5 µg/mL insulin, 1 µg/mL hydrocortisone, and 50 µg/mL
gentamycin (Sigma-Aldrich Corp., St. Louis, MO, USA) at 37 ◦C in a 5% CO2 incuba-
tor [49,50]. When MAC-T cells reached 90% confluence, DMEM/F12 basic medium was
replaced with DMEM/F12 lactogenic medium (without FBS) to differentiate MAC-T cells
into β-casein (CSN2) secreting cells for 72 h. This medium contained 5 µg/mL bovine
insulin, 1 µg/mL hydrocortisone, 100 units/mL penicillin/streptomycin, 50 µg/mL gen-
tamycin, and 5 µg/mL prolactin (Sigma-Aldrich Corp., St. Louis, MO, USA) (Wang et al.,
2014, 2015). The complete amino acid profile of lactogenic medium is listed in Table S11.
After cell differentiation, a preliminary experiment was performed for the time and dose
testing. Cells were treated with 0, 0.3, 0.6, 0.9, 1.2, and 1.5 mM of supplemental L-Trp, and
the most efficient time for protein synthesis was determined by measuring cell, medium,
and total protein at 0, 24, 48, 72, and 96 h. Then, a confirmatory experiment was performed
to determine the ideal dose of L-Trp in the determined optimal cultivation time. Different
doses of L-Trp (0, 0.3, 0.6, 0.9, 1.2, and 1.5 mM) were incubated at 48 h, which is the optimal
time for protein synthesis. In all experiments, each treatment was replicated 6 times.

4.2. RNA Extraction and cDNA Synthesis

Total RNA was extracted from MAC-T cells using TRIzol® (Life Technologies Corp.,
Carlsbad, CA, USA). The RNA quality and quantity were measured using a NanoDrop
1000® Spectrophotometer with RNA-40 module (Thermo Fisher Scientific, Wilmington,
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DE, USA). RNA integrity number (RIN) was determined using an Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Santa Clara, CA, USA). Then cDNA was prepared using an
iScript cDNA synthesis kit (Bio-Rad Laboratories, Inc., Foster City, CA, USA) according
to the manufacturer’s instructions. After incubating at 25 ◦C for 5 min, 42 ◦C for 30 min,
and 85 ◦C for 5 min, the cDNA was quantified using the ssDNA-33 module of the Thermo
NanoDrop 1000® Spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).

4.3. Real-Time Polymerase Chain Reaction (RT-PCR)

Real-time PCR (RT-PCR) analysis was performed using a T100™ Thermal Cycler
System. ACTB was used as the reference gene. Validated RT-PCR oligonucleotide primer
sequences of forward and reverse primers specific for target genes were as follows:
CSN2 forward, 5′-AAATCTGCACCTTCCTCTGC-3′; CSN2 reverse, 5′-GAACAGGCAG
GACTTTGGAC-3′; ACTB forward, 5′-GCATGGAATCCTGCGGC-3′; ACTB reverse, 5′-
GTAGAGGTCCTTGCGGATGT-3′. RT-PCR reactions were performed by initial incubation
at 95 ◦C for 3 min followed by 50 cycles of denaturation at 95 ◦C for 10 s, annealing at spe-
cific temperature for 15 s (bovine CSN2 at 55 ◦C), and extension at 72 ◦C for 30 s (Table S12).
RT-PCR analysis was conducted using the threshold cycle (2-∆∆CT method) [51] to an-
alyze relative gene expression changes from real-time quantitative PCR experiments.
Relative quantification of expression levels of target genes in the treatment group was
compared to the untreated group.

4.4. Protein Extraction and Quantification

After incubation in the treatment medium (lactogenic medium plus L-Trp) for 72 h,
the culture medium was collected from adherent cells to determine protein quantity. All
treatments were done with six replicates. The culture medium was centrifuged at 300× g
for 5 min at 4 ◦C. The supernatant was transferred to a new tube for protein quantification
using a Pierce BCA Protein Assay Kit (Pierce Biotechnology, Inc., Rockford, IL, USA)
according to the manufacturer’s instructions. Cells were washed twice with ice cold
1 × PBS and then 200 µL cell lysis buffer containing 10 mM Tris/HCl, pH 8.3, 8 M urea,
5 mM EDTA, 4% CHAPS, and 1× protease inhibitor cocktail (GE Healthcare, Piscataway,
NJ, USA) were added. The cell lysates were incubated at room temperature for 30 min and
centrifuged at 21,952× g for 30 min at 20 ◦C. The supernatant was collected and stored at
–80 ◦C until analysis.

4.5. Proteome Analysis

Cellular proteins were extracted using cell lysis buffer containing 20 mM Tris, 10 mM
KCl, 1.5 mM MgCl2, 0.5 mM EDTA, 0.1% sodium dodecyl sulfate (SDS), and complete
EDTA-free Protease Inhibitor Cocktail (Roche, Basel, Switzerland) after washing twice
with ice-cold 1× PBS. Cell lysates were incubated at 4 ◦C for 30 min and centrifuged at
13,000× g for 10 min at 4 ◦C [41]. Then, supernatant was collected and stored at –80 ◦C
until analysis. All treatments were replicated three times.

For proteome analysis, 100 µg of cell lysate protein was resuspended in 0.1% SDS in
50 mM triethyl ammonium bicarbonate (TEABC), pH 8.0. Proteins were chemically dena-
tured using 10 mM tris (2-carboxyethyl) phosphine (TCEP) at 60 ◦C for 30 min and alkylated
with 50 mM methyl methanethiosulfonate (MMTS) at room temperature for 30 min in
the dark. Proteolytic digestion was conducted using trypsin (protein:trypsin = 50:1, g/g)
overnight at 37 ◦C. Digested peptides were desalted and concentrated, then subjected to
liquid chromatography (LC) tandem mass spectrometry (MS/MS) analysis. Total peptides
were analyzed by nano-ultra-performance LC–MS/electrospray ionization quadrupole
time-of-flight (UPLC–MS/ESI–Q–TOF) (Waters, Manchester, UK). LC peptide separation
was performed using the nano Acquity system equipped with a Symmetry C18 5 µm,
5 mm × 300 µm pre-column and CSH C18 1.7 µm, 25 cm × 75 µm analytical column (Wa-
ters). Samples were separated using a 3–40% gradient mob Leu phase B (0.1% formic acid
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in acetonitrile) at a flow rate of 300 nL/min, followed by a 20 min rinse with 90% mob Leu
phase B.

Data-dependent analysis (DDA) was performed to obtain two analytical replicates for
each of three biological sets. This method is used to read a full MS scan in an m/z range of
400–1600 every 0.5 s and MS/MS scans (m/z range: 100–1990) every 0.5 s for the three most
intense ions among the full-scan MS. Protein identification was performed by comparison
with the International Protein Index (IPI) bovine database (v. 3.73; 30,403 entries) using
the MASCOT search engine v. 2.4 (Matrix Science, Boston, MA, USA), using trypsin as the
digestion enzyme, with a parent ion tolerance of 0.2 Da and fragment ion mass tolerance
of 0.1 Da. Two missed cleavages were allowed during trypsin digestion. Oxidation (Met)
and Methylthio (Cys) were specified as the modification settings. Proteins identified with
>95% probability were filtered out. To evaluate the false discovery rate (FDR) of protein
identification, data were searched against a combined database of normal and decoy data
created by MASCOT. The FDR of all experiments in this study was <1%. The emPAI score
of each protein was used to calculate its relative ratio [52]. The emPAI-based abundances
in comparison with the actual values were within 63% on average, and this is similar or
better than determination of abundance by protein staining [52].

4.6. Statistical Analysis

Statistical analysis (protein quantification data, n = 6; proteomics data, n = 3; quanti-
tative real-time PCR data, n = 6) was conducted for significance testing using SAS v. 9.4
software (SAS Institute, Cary, NC, USA). Data were analyzed using Student’s t-test. Mean
difference was considered statistically significant at p < 0.05. The experimental model was

Yijk = µ + τi + εijk,

where µ is the grand mean, τi is the L-Trp effect, and εijk is the error variability.
Upregulated or downregulated proteins were detected for significance using the semi-

quantification relative ratio (≥2 or ≤0.5), and detected proteins were analyzed using the
PANTHER database (http://www.pantherdb.org accessed on 19 August 2020) for pathway
analysis (Bos taurus).

5. Conclusions

Altogether, 0.9 mM L-Trp supplementation was found to be the optimum dose for
stimulating medium protein and β-casein mRNA expression by stimulating the expression
of genes related to milk protein synthesis and the increased production of proteins involved
in energy metabolism and protein synthesis pathways. Protein and energy metabolism re-
lated pathways were also upregulated in the L-Trp treatment, eventually causing increased
protein concentration in the MAC-T cell medium supplemented with L-Trp. In conclusion,
L-Trp, particularly at 0.9 mM, was effective in increasing protein synthesis in MAC-T
cells in vitro by stimulating the genes, proteins, and protein synthesis-related pathways
involved in energy and protein synthesis. Also, our findings suggest that L-Trp may not
only supply nutrients necessary for protein synthesis, but also regulate the expression of
genes involved in milk protein synthesis in terms of nutrigenomics.
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Abstract: Solid organ transplantation is a gold standard treatment for patients suffering from an
end-stage organ disease. Patient and graft survival have vastly improved during the last couple of
decades; however, the field of transplantation still encounters several unique challenges, such as
a shortage of transplantable organs and increasing pool of extended criteria donor (ECD) organs,
which are extremely prone to ischemia-reperfusion injury (IRI), risk of graft rejection and challenges
in immune regulation. Moreover, accurate and specific biomarkers, which can timely predict allograft
dysfunction and/or rejection, are lacking. The essential amino acid tryptophan and, especially, its
metabolites via the kynurenine pathway has been widely studied as a contributor and a therapeutic
target in various diseases, such as neuropsychiatric, autoimmune disorders, allergies, infections
and malignancies. The tryptophan-kynurenine pathway has also gained interest in solid organ
transplantation and a variety of experimental studies investigating its role both in IRI and immune
regulation after allograft implantation was first published. In this review, the current evidence
regarding the role of tryptophan and its metabolites in solid organ transplantation is presented, giving
insights into molecular mechanisms and into therapeutic and diagnostic/prognostic possibilities.

Keywords: transplantation; ischemia-reperfusion; tolerance; rejection; tryptophan; kynurenine;
indoleamine-2,3-dioxygenase

1. Introduction

Solid organ transplantation (Tx) remains the gold standard and the only curative
treatment for patients with end-stage organ disease. A substantial improvement in patient
and graft survival has been observed during the last decades, mainly due to technical
developments and advancements in immunosuppressive regimens [1]. However, there are
not sufficient amounts of donor organs to treat all patients on the waiting list for whole
organ Tx [2–4]. Therefore, it is inevitable to utilize organs retrieved from extended criteria
donors (ECD). These grafts are known to be extremely susceptible to ischemia-reperfusion
injury (IRI), often resulting in delayed graft function (DGF) or primary non-function (PNF)
after implantation. Therefore, additional efforts to diminish the harm inflicted during
organ preservation techniques are necessary [5,6].

The problem of allograft rejection is another important challenge limiting Tx success.
The increased variety of effective immunosuppressants resulted in a substantial reduction
of acute graft loss rates [7,8]. However, overall graft survival still remains time-limited,
mainly due to chronic rejection and subsequent chronic allograft dysfunction [7,8]. The
increased risk of organ rejection especially poses a barrier for highly sensitized patients
who were already exposed to an antigen or need a repeated Tx [9].

93



Int. J. Mol. Sci. 2021, 22, 1921

Moreover, specific and sensitive biomarkers to predict organ quality and Tx success
are needed in order to expand the potential donor organ pool and transplant the organs
safely. Biomarkers for the detection and diagnosis of rejection and/or allograft dysfunction,
which would allow a more thorough follow-up and personalized care for recipients at risk,
is also of particular interest [10,11] to ameliorate the long-term results after Tx.

Tryptophan is one of the eight essential amino acids not synthesized in the human
body and, hence, needs to be supplemented with the nutriment. Among all essential amino
acids, the tryptophan concentration is the lowest in the human organism; however, only
low concentrations are sufficient for tryptophan-involved processes [12]. Actually, less
than 1% of the available tryptophan is used for protein synthesis, while the remaining 99%
serves as a precursor of bioactive metabolites, including serotonin, tryptamine, melatonin
and kynurenine, as well as the essential coenzyme nicotinamide adenine dinucleotide
(NAD+) [13,14]. The role of tryptophan has been extensively studied in a variety of condi-
tions, such as neuropsychiatric disorders [15]; autoimmune and allergic diseases [16,17];
infections [17]; brain tumors [18] and other cancer types, e.g., breast, bladder, colorectal
cancers and melanomas [17,19,20]. Tryptophan metabolism via the kynurenine pathway,
which is the main route of tryptophan degradation in the human body [14,21,22], has
gained particular interest in Tx during the last couple of decades. Since the landmark
discovery by Munn et al., who showed that the rejection of an allogeneic fetus in mice is
prevented by indoleamine-2,3-dioxygenase (IDO)-mediated tryptophan catabolism [23],
enzymes and metabolites of the tryptophan-kynurenine pathway have been widely studied
in the field of immune regulation after Tx [17]. In addition, tryptophan and its metabolites
also seem to play a role in IRI, thus giving some new direction in the field of organ preser-
vation [24,25]. Most interestingly, inflammation is the basic underlying phenomenon for
graft pathology, including IRI and both acute and chronic graft rejections [7,26].

This comprehensive review gives an overview on the current evidence of the tryptophan-
kynurenine pathway’s significance in Tx, giving both diagnostic/prognostic and therapeutic
implications.

2. The Tryptophan-Kynurenine Pathway, Its Enzymes and Metabolites: An Overview

There is evidence that ~90–95% of the overall tryptophan is degraded via the kynure-
nine pathway, and it is the main route of tryptophan catabolism in the human body [21,22]
(Figure 1).

Firstly, tryptophan is converted to N-formyl-L-kynurenine. The reaction is catalyzed
by one of three rate-limiting enzymes: tryptophan-2,3-dioxygenase (TDO) and indoleamine-
2,3-dioxygenase 1 or 2 (IDO1 or IDO2). All the three enzymes are hemoproteins and use
molecular O2 as a co-substrate, which also allows them to utilize reactive oxygen species
(ROS) and regulate the redox balance in the cell [17,27,28]. Unless TDO has been detected
in various mouse brain structures, as well as in different tumor types [29,30], this enzyme is
mainly expressed in the liver and regulates systemic tryptophan levels in physiological con-
ditions [20,31]. Glucocorticoids, tryptophan itself and heme are the three main regulators
of TDO: glucocorticoids induce the synthesis of new TDO apoenzyme, while the substrate
tryptophan enhances the conjugation of the apoenzyme with the cofactor heme and sta-
bilizes the whole structure. TDO transcription has also been found to be upregulated by
glucagon but inhibited by insulin and adrenaline [32]. Other possible inhibitors described
in the literature include reduced forms of nicotinamide adenine dinucleotide phosphate
(NAD(P)H), 3-hydroxykynurenine (3-HK) and 3-hydroxyanthranilic acid (3-HAA), as they
likely act through the negative feedback mechanism; however, the results obtained by
in vitro and in vivo experiments are contradictory [31].
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Figure 1. Tryptophan metabolism via the kynurenine pathway. Abbreviations: Trp: tryp-
tophan, N-formyl-Kyn: N-formyl-kynurenine, Kyn: kynurenine, 3-HK: 3-hydroxykynurenine,
3-HAA: 3-hydroxyanthranilic acid, ACMS: 2-amino-3-carboxymuconate-semialdehyde, PIC: pi-
colinic acid, KYNA: kynurenic acid, AA: anthranilic acid, XA: xanturenic acid, QUIN: quino-
linic acid, NAD+: nicotinamide adenine dinucleotide, TDO: tryptophan-2,3-dioxygenase, IDO:
indoleamine-2,3-dioxygenase, KMO: kynurenine-3-monooxygenase, KYNU: kynureninase, 3-
HAO: 3-hydroxyanthranilate-3,4-dioxygenase, ACMSD: amino-carboxy-muconate-semialdehyde-
decarboxylase and KAT: kynurenine aminotransferase.

Differently to TDO, IDO is much more widely distributed among tissues and mainly
expressed by various immune cells. Interestingly, IDO has a lower capacity but much
higher affinity for tryptophan than TDO [33]. Two forms of IDO are currently known: IDO
1 (previously called IDO) and the more recently discovered IDO 2, which is expressed
in human liver, kidney and brain [17]. Tryptophan and the cofactor heme both increase
IDO activity in a similar way as TDO; however, it was found that high concentrations of
tryptophan act as inhibitor of IDO [20,34,35]. Antioxidants [36,37], as well as nitric oxide
(NO), are also known to inhibit IDO function [38]. Nevertheless, the principal effectors of
IDO activity are pro- and anti-inflammatory cytokines and mediators [17], which will be
discussed in more detail below.

In the next step, N-formyl-kynurenine form amidase hydrolyzes N-formyl-L-kynurenine
to L-kynurenine, which is subsequently transformed into three alternative metabolites with
different properties regarding oxidative stress and organ toxicity: (1) kynurenic acid (KYNA)
by kynurenine aminotransferase (KAT), (2) anthranilic acid (AA) by kynureninase (KYNU)
and (3) 3-hydroxykynurenine (3-HK) by kynurenine-3-monooxygenase (KMO). The latter
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metabolite 3-HK can be further converted into xanthurenic acid (XA) by KAT or transformed
into 3-hydroxyanthranilic acid (3-HAA) by KYNU [17,20].

The next and the most potent enzyme in the tryptophan-kynurenine pathway is 3-
hydroxyanthranilate-3,4-dioxygenase (3-HAO), which rapidly converts 3-HAA into the
unstable 2-amino-3-carboxymuconate-semialdehyde (ACMS). The latter is then nonenzy-
matically converted into quinolinic acid (QUIN) used in NAD+ and NADP+ formation
or, alternatively, transformed into picolinic acid (PIC) via an amino-carboxy-muconate-
semialdehyde-decarboxylase (ACMS) catalyzed reaction [17,20]. 3-HAA and 3-HK are
known generators of free radicals [39]; however, there is evidence that the same metabo-
lites are also able to act as antioxidants, depending on the cell’s redox properties [40].
Similarly, PIC and QUIN also enhance oxidative stress by creating free radicals. On the
other hand, KYN catalyzation to KYNA by KATs is considered an antioxidant way of
tryptophan metabolism. As a result, KMO is located at an important point keeping the
balance between anti- and pro-oxidant metabolites [20]. It is important to mention that,
due to the high Km (concentration of substrate that permits the enzyme to achieve half of
the maximum velocity of its catalyzed reaction) of KAT for its substrates, KAT reactions are
only minimally significant, whereas the KMO/KYNU catalyzed branch remains the main
one. Nevertheless, KAT can be enhanced by the overload of tryptophan or kynurenine or
by the inhibition of KMO activity [41].

Importantly, under physiologic conditions, the tryptophan-kynurenine pathway hap-
pens mainly in the liver, where all the enzymes necessary for NAD+ synthesis from
tryptophan are present. The extrahepatic way is responsible for only 5–10% of the over-
all tryptophan degradation in physiologic conditions. However, it becomes much more
significant under immunological circumstances, inflammation and oxidative stress. The
extrahepatic tryptophan kynurenine pathway does not provide all the necessary enzymes;
therefore, its intermediate metabolites and their properties become critical in the pathogen-
esis and modulation of these conditions [17,20].

3. Role of Tryptophan and Its Metabolites in IRI

IRI is a substantial and unavoidable threat in Tx, determining the early transplant func-
tion. Adenosine triphosphate (ATP) depletion, impaired ATPases activity, cellular calcium
overload, deterioration of the mitochondrial membrane potential via opened mitochondrial
permeability transition pores, the promotion of proapoptotic mechanisms, the generation
of ROS after the reintroduction of molecular oxygen, endothelial dysfunction, increased
thrombogenicity and the induction of inflammatory responses are examples for the conse-
quences of IRI [26]. Unless the role of tryptophan and its metabolism in IRI has been studied
to a much lesser extent compared to immune responses after Tx, several implications have
been given in the literature that could lead to further investigations (Table 1).

The histidine-tryptophan-ketoglutarate (HTK) organ preservation solution, which
is nowadays considered one of the standard solutions used in Tx, contains 2-mmol/L
tryptophan due to its antioxidant capacity and membrane stabilizing potential [42]. On the
contrary, several studies have suggested that tryptophan starvation could be a protective
factor against IRI. It has been previously demonstrated that short-term dietary restrictions,
i.e., reductions of specific food intakes without calorie depletion, increases the resistance to
acute stress, including IRI [43,44]. In another experimental study, the total protein or single
amino acid L-tryptophan withdrawal from diet protected mice against renal ischemic injury
and preserved kidney function. In addition, tryptophan starvation resulted in significantly
reduced circulating granulocyte numbers, which was found to be general control non-
depressible 2 (GCN2) kinase-dependent [45]. Nevertheless, the same experiments showed
that tryptophan withdrawal downregulates the expression of oxidative stress resistance-
related genes glutathione synthetase (Gst1/2), catalase, dehydrogenase quinone 1 (Nqo1)
and NADPH in the liver [45]. Recently, Eleftheriadis et al. demonstrated a three-fold
increase in human renal proximal tubular epithelial cell survival under hypoxic conditions
following tryptophan deprivation. They found these effects to be driven by induction of
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autophagy through the activation of GCN2 kinase and p53-mediated BNIP3L upregula-
tion [46]. Tryptophan deficiency stimulates GCN2 kinase by promoting phosphorylation of
the eukaryotic translation initiation factor 2a (eIF2a), which then activates autophagy, while
tryptophan supplementation acts the opposite by diminishing activity in the GCN2-eIF2a
pathway [47]. In general, autophagy was confirmed to be protective in the situation of
acute kidney injury caused by ischemia and reperfusion [48,49]. During the process of
autophagy, cytoplasmic fractions are sequestrated within the autophagosomes, which
then fuse with lysosomes, where the “captured” material is decomposed. Autophagy is
activated in response to various stressors, such as hypoxia or nutrient deprivation, thereby
counteracting apoptosis and providing necessary nourishment and time for cells to adapt
and survive [46–49]. Moreover, tryptophan starvation-induced autophagy was found to
dampen the secretion of proinflammatory cytokines [47]. These interesting results allow
speculating that donor kidney preconditioning by tryptophan deprivation could induce
the resistance of kidney tissue to hypoxic stress, prevent acute kidney injury and probably
decrease the risk of primary nonfunction or delayed graft function after implantation.

IDO has also been investigated concerning its impact in the IRI setting. Transplanted
lungs are, compared to other organs, especially prone to IRI due to the vast and constant
exposition to environmental oxygen. Reactive oxygen species cause endothelial dysfunc-
tion and increase the vascular permeability and extravasation of inflammatory cells, which
promotes apoptosis and necrosis processes and causes pulmonary graft injury [50]. As
mentioned before, IDO, while catalyzing the reaction of L-tryptophan to L-kynurenine,
consumes O2 and utilizes superoxide anion radicals, thus acting as a powerful antioxi-
dant [27]. Indeed, intravenous nonviral IDO gene delivery to donor rats 24 h before lung
Tx significantly protects lung allografts against IRI by reducing the vascular leak and
leukocyte extravasation. Furthermore, it preserves a histological structure of the graft
and significantly improves the lung function. In vitro experiments showed that enhanced
IDO activity in endothelium stabilizes the intracellular redox balance and preserves the
mitochondrial structure and function in the context of oxidative stress [28]. On the contrary,
Mohib et al. raised concerns regarding the role of IDO in kidney graft protection, showing
that, despite the pro-tolerant properties of this enzyme, its activity augments IRI in the
kidney [51,52]. They found increased apoptosis in renal tubular cells due to upregulated
IDO activity [51], while the inhibition of IDO by 1-metyltryptophan (1-MT) or IDO gene
knockout in mice diminished renal IRI [52]. Correspondingly, another study revealed that
inhibiting IDO activity by 1-MT changes the transcriptome characteristic to IRI. IRI alone
was shown to change 105 coding genes and only three noncoding RNA transcripts. In
mice pretreated with 1-MT, only 18 sequences of coding transcripts were altered, while the
number of noncoding RNA genes was expanded to 66. The authors speculated that the
reduction of IRI affects genes, including those responsible for apoptosis and cell death, and
may be related to the reno-protective effects of IDO inhibition [53].

A recent study on normothermic and sub-normothermic machine perfusion for dis-
carded human livers without significant steatosis revealed an increase in tryptophan
metabolism via the kynurenine pathway and higher levels of kynurenine and KYNA for
organs subjected to normothermic perfusion compared to sub-normothermic perfusion [24].
As it is known that KAT, which converts kynurenine to KYNA, is a temperature-dependent
enzyme and KYNA has antioxidant properties [54], decreased KYNA production could
be considered as a disadvantage of sub-normothermic perfusion. On the other hand, this
finding implicates the therapeutic possibilities, e.g., shunting the kynurenine metabolism
from 3-HK to KYNA by suppression of the KMO enzyme [54,55] could be beneficial in
sub-normothermic perfusion conditions diminishing IRI. However, further studies using
machine perfusion as a platform for tryptophan metabolism regulation and assessing the
clinical outcomes of such organs are necessary.

KMO has been found to be expressed in the human kidney proximal tubule’s epithelial
cells [56]. As explained above, 3-HK is an injurious metabolite of kynurenine, which
enhances oxidative stress, causes pathological protein crosslinking and promotes apoptosis,
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while KYNA protects cells against injury in stress or inflammatory situations [17,20].
Several experimental studies revealed that the pharmacological or transcriptional blockage
of KMO prevents acute ischemic kidney injury in multiorgan dysfunctional models [57–60].
Zheng et al. showed that genetically modified mice, lacking a functional KMO gene, were
protected against the deleterious effects of kidney IRI. The histological necrotic tubular
damage was significantly diminished, and plasma creatinine concentrations were lower
compared to wild-type mice. Additionally, the number of apoptotic renal tubular cells
and neutrophil infiltration into kidney tissue was significantly lower in KMO knockout
mice. These findings underpin the idea of KMO as a potential therapeutic target in the
prevention of IRI in the field of Tx [25]. Furthermore, a recent study, investigating glaucoma
treatment possibilities, revealed that not only KMO knockout but, also, intravenous or
local administration of KYNA itself acts protectively against the IRI in retinal ganglion
cells [61], which could also be considered as one of the possibilities for the protection of
transplanted organs.

Besides the impact of tryptophan and its metabolites on IRI of solid organ grafts,
the role of tryptophan derivatives has recently been under investigation. N-acetyl-L-
tryptophan (L-NAT), a ROS scavenger, inhibitor of cytochrome c release from the mito-
chondria, as well as an antagonist of the neurokinin 1 receptor, which has already been
approved for the management of nausea, vomiting, shock and neurodegenerative dis-
eases, was investigated in the context of hepatic IRI. The pretreatment of rats with L-NAT
before liver ischemia significantly diminished IRI, prevented morphological changes of
hepatocytes and increased their viability. This protective effect was found to be mediated
by downregulation of the receptor interacting protein (RIP) 2/caspase1/IL-1b signaling
pathway [62]. The same group later demonstrated that L-NAT protects hepatocytes against
IRI by the inhibition of excessive autophagy, mitophagy and preservation of the mito-
chondrial structure and function [63]. Another tryptophan derivative investigated was
5-metoxytryptophan (5-MTP), an endogenous anti-inflammatory endothelial factor syn-
thesized from L-tryptophan catalyzed by tryptophan hydroxylase-1 and hydroxyindole
O-methyltransferase. An in vitro 5-MTP treatment protected cardiomyocytes against ROS-
induced IRI by preventing cell death, stimulating cell migration and promoting wound
healing via cytoskeletal regulations, as well as regulating the intracellular redox state and
reducing the endoplasmic reticulum stress [64].

To conclude, unless the current evidence confirms the impact of tryptophan and
its metabolites in graft IRI, revealing important implications in possible therapeutic ap-
proaches, which potentially would allow to diminish the burden of IRI, it seems that the
effect is complex rather than one-sided. Therefore, many questions remain unanswered.
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Table 1. Effects of tryptophan and its metabolism via the kynurenine pathway in solid organ IRI in animal models.

Reference Experimental
Model Treatment/Intervention Outcomes

Peng et al. [45],
2012

Mice kidney IRI
model

Tryptophan deficient diet for 6 days
before induction of kidney or liver

ischemia.

↓serum creatinine and urea 1 day after bilateral renal
ischemia-reperfusion; ↓expression of KIM-1 mRNA; ↓level
of acute tubular necrosis in histology; ↓serum levels of ALT,
AST, LDH after liver ischemia-reperfusion; ↓P-selectin and
IL-6 gene expression; ↓number of circulating neutrophils.

Effect dependent on GCN2.

Liu et al. [28],
2007

Rats model of lung
Tx after 5 h of

warm ischemia

Sleeping beauty transposon mediated
hIDO gene delivery to donor animals

intravenously 24 h prior to Tx.

↓apoptosis of endothelial cells; ↓leukocyte infiltration;
↑antioxidant capacity; ↓levels of oxidative stress markers
(protein carbonyl, MDA); ↓alveolar edema, hemorrhage

and formation of focal congestion of lung tissue; preserved
mitochondrial structure and function; ↓peak airway

pressure, ↑PaO2.

Mohib et al. [52],
2008

Mice kidney IRI
model

IDO gene knock-out or IDO inhibition
by intraperitoneal injections of 3 mg of

1-MT twice a day for 48 h following
reperfusion. Some mice received 1-MT 1
h before ischemia, as well as following

reperfusion.

↓serum creatinine and blood urea nitrogen in
IDO-knockout mice; ↓blood urea nitrogen but no difference

in serum creatinine in 1-MT-treated mice; preserved
architecture of kidney tissue; ↓apoptosis and necrosis;
↓neutrophil infiltration in IDO-knockout and 1-MT treated

mice.

Merchen et al.
[53], 2014

Rats kidney IRI
model

IDO inhibition by pretreating rats with
1-MT 140 mg/kg po 1 and 24 h prior to

renal ischemia.

IRI alone changed 105 coding genes and 3 noncoding RNA
transcripts. In IRI rats pretreated with 1-MT, altered coding
transcripts declined to 18 sequences and altered noncoding

RNA genes increased to 66.

Zheng et al. [25],
2019

Mice kidney IRI
model KMO gene knockout.

↓plasma creatinine; ↓tubular damage; ↓number of
apoptotic cells; ↓neutrophil infiltration; ↓Cxcl 1 and Cxcl2

mRNA levels in kidney tissue.

Wang et al. [62],
2019

Li et al. [63], 2020
Rats liver IRI mode Intraperitoneal administration of L-NAT

(10 mg/kg) 30 min before ischemia.

↓IRI-induced histological changes in hepatocytes; ↓mRNA
expression of RIP2, caspase-1 and IL-1b [62]; ↓caspase-1
activity and IL-1b expression; ↓expression of autophagy
markers: LC3-II, Beclin1, and ATG-7 and ↑expression of

P62; ↓formation of autophagosome; improved
morphological and functional changes of mitochondria,
maintained the quantity and quality of mtDNA stability;

↓excessive mitophagy [63].

Abbreviations: IRI: ischemia-reperfusion injury, Tx: transplantation, (h)IDO: (human) indoleamine-2,3-dioxygenase, KMO: kynurenine-3-
monooxygenase, 1-MT: 1-metyltryptophan, L-NAT: N-acetyl-l-tryptophan, KIM: kidney injury molecule, ALT: alanyl aminotransferase,
AST: aspartate aminotransferase, LDH: lactate dehydrogenase, IL: interleukin, GCN2: general control nonderepressible 2 kinase, MDA:
malondialdehyde, PaO2: partial oxygen pressure, (m)RNA: (messenger) RNA, Cxcl: reduced chemokine (C-X-C motif) ligand, RIP:
receptor interacting protein, LC3-II: microtubule-associated protein 1 light chain 3-II, ATG-7: autophagy-related protein-7 and mtDNA:
mitochondrial DNA, ↑: increased, ↓: decreased.

4. The Role of the Tryptophan-Kynurenine Pathway in Immune Regulation after Tx

The immune system plays a key role in Tx. Immunological mechanisms, which nor-
mally act as a protective organism response against foreign pathogens, pose a significant
challenge to successful Tx. Several types or rejections exist, ranging from hyperacute
and acute to chronic, all representing not only different rates of response but, also, dif-
ferent pathophysiological mechanisms in which both cellular and humoral immunity are
involved. Despite constantly increasing the knowledge and broadened opportunities in
immunosuppressive regimens, the full view of the immune response against allografts is
still not fully understood, and the survival of transplanted organs remains time-limited [7].

IDO is probably the most thoroughly investigated tryptophan-kynurenine pathway
enzyme, which acts as a natural tolerogenic factor regulating immune responses (Figure 2).
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IDO is expressed in several immune cells, such as monocytes, macrophages, dendritic
cells (DCs) and microglia, as well as fibroblasts, endothelial cells, epithelial cells and smooth
muscle cells [54]. Interferon (IFN)-γ is known as one of the main stimuli that promotes
IDO synthesis at the transcriptional level [65]. Other inflammatory mediators capable
of enhancing IDO activity—however, mostly to a lesser degree—include IFN-α; IFN-β;
tumor necrosis factors (TNF)s; interleukins (e.g., IL-1β, IL-2, IL-6 and IL-27); CD40 ligand;
prostaglandins and lipopolysaccharides (LPS) [66–68]. The aforementioned mediators
activate specific receptors, such as aryl-hydrocarbon receptor (AhR), Toll-like receptors
(TLRs), interferon-β and γ receptors and tumor necrosis factor receptors (TNFR), which
subsequently promote intracellular signaling pathways, leading to IDO upregulation.
Similarly, anti-inflammatory cytokines, such as IL-4, IL-10 and tumor growth factor (TGF)-
β, were found to diminish the expression of IDO, confirming that the IDO status directly
depends on the balance of pro- or anti-inflammatory responses [20,68]. The production
of IDO was also found to be promoted by the engagement of CD80 (B7.1) and CD86
(B7.1) located on the surface of DCs with cytotoxic T-lymphocyte-associated antigen 4
(CTLA4) or CTLA4-Ig fusion protein [69,70]. The fusion of CD28 situated on T cells with
CD80/86 on DCs is necessary for naïve T-cell activation. Endogenous CTLA4 expressed in
activated conventional T cells and T-regulatory cells (Tregs) or exogenous CTLA4Ig (used
as immunotherapy drug) are known to counterbalance CD28 in T cells due to a higher
affinity for B7 molecules, resulting in the deactivation of the immune response [70–73]. It
has been demonstrated that IDO inhibitor 1-MT abrogates a positive CTLA4Ig effect on
the prolonged survival of mice pancreatic islet allografts [70]. However, recent data from
a multicenter sub-study of the phase II trial showed that Betalacept, a second-generation
CTLA4-Ig fusion protein, was not able to induce detectable IDO activity in human liver
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Tx recipients. Similarly, Betalacept did not have any effect on IDO expression in human
dendritic cells in vitro [74].

As mentioned before (compare Figure 1), IDO, as the first enzyme in the tryptophan-
kynurenine pathway, determines the local levels of tryptophan and tryptophan-kynurenine
pathway metabolites. Tryptophan depletion increases the amount of free transfer RNA
in T cells, which activates the GCN2 stress kinase pathway, leading to T-cell anergy and
cell cycle arrest at the mid-G1 phase, thus sensitizing T cells to apoptosis [17,20,46,75].
Additionally, IDO significantly reduces the macrophage activity through the induction of
apoptosis via the GCN2 kinase pathway and inhibition of inducible nitric oxide synthase
(iNOS) expression, and this effect is also more related to tryptophan starvation rather than
increased concentrations of tryptophan metabolites [76]. Moreover, it has been found that
decreased levels of tryptophan may inhibit the mammalian target of the rapamycin (mTOR)
pathway, resulting in the subsequential blockade of the translation process in T cells [77].
However, not all studies have confirmed that mTOR reacts to tryptophan depletion [46,75].
The theory of “tryptophan starvation” was also supported by in vitro experiments that
showed that T-effector cells and macrophages may be reactivated in IDO-overexpressing
cultured cells by adding an excessive amount of tryptophan [75,76].

On the other hand, active tryptophan metabolites kynurenine, 3-HK and 3-HAA,
generated following IDO and other tryptophan-kynurenine pathway enzyme activity,
promote oxidative stress and have a direct cytotoxic effect on T-effector cells, as well as
suppress their proliferation by inducing apoptosis. Moreover, by inducing the apoptosis
of T-helper 1 (Th1) cells, kynurenine metabolites are able to shift the balance between Th1
and Th2 towards Th2 and stimulate the formation of Tregs [20,78]. Kynurenine metabolites
are also agonists of AhR, which plays an important role in Th17 cell differentiation and
promotes the generation of Tregs [79–81]. Among the tryptophan metabolites produced
downstream in the kynurenine pathway, 3-HAA appears to be the most potent immune
regulator [82–84]. It has been previously revealed that 3-HAA induces the T-cell apoptosis
activating PDK1 kinase [85] and caspase 8 [86]. Its dimerized form, cinnabarinic acid,
produced in oxidant conditions was found to activate AhR as well [87]. A recent study
also showed that 3-HAA engages nuclear coactivator 7 (NCOA7), expressed in dendritic
cells, which increases the kynurenine-driven transcriptional activity of AhR. This com-
bined mechanism of 3-HAA and kynurenine is important for the DC-mediated induction
of Treg cells [88].

Even though the impact of IDO and the tryptophan-kynurenine pathway on cellular
immune mechanisms has been widely investigated, much less is known about the humoral
alloimmune response, which plays a role in Tx as well [89]. It has been reported that the
B-cell-intrinsic promotion of IDO 1 via activation by Toll-like receptor ligands or B-cell
receptor crosslinking is a key mechanism, reducing the production of antibodies against
T-cell-independent antigens [90]. Another study, however, showed that IDO 2 expression
in B cells increases the humoral autoimmunity by supporting the cross-interaction between
reactive T and B cells [91]. An in vitro model by Sounidaki et al. recently demonstrated that
the IDO inhibitor 1-metyltryptophan (1-MT) enhanced the humoral alloimmune response,
demonstrating that IDO is also a possible inhibitor of humoral rejection mechanisms.
However, the lack of effects from the AhR inhibitor and GCN2 kinase activator in these
experiments suggests that molecular pathways that are responsible for the IDO effect on
humoral alloimmunity differ from those participating in cellular alloimmunity inhibition,
demanding further investigation [92].

Despite similar enzymatic function, in the field of immune regulation, TDO has been
studied in a much lesser extent than IDO. Nevertheless, at the beginning of the current
century, the TDO role in murine fetal tolerance was proposed [93,94]. An experimental
study by Schmidt el al. revealed that TDO, similarly to IDO, is also capable of inhibiting
the growth of bacteria, as well as restricting alloantigen-induced T-cell activation and
inhibiting IFN-γ production. These effects were inhibited by additional tryptophan sup-
plementation [95]. Another aspect, suggesting that TDO participates in the regulation of
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immune responses after Tx, is its promotion by glucocorticoids, which are included in clas-
sical immunosuppressive regimens [32]. Additionally, TDO has been detected in different
tumors, such as melanomas, hepatocellular or bladder carcinomas, and its significance in
tumor immune escape processes has been investigated [17,96].

KMO, as an enzyme standing at a cross-point of the “pro- and anti-inflammatory”
or “oxidant and antioxidant” branches of the tryptophan-kynurenine pathway, has also
gained interest in the research of immune regulation. The inhibition of KMO results
in increased levels of the tolerogenic and anti-inflammatory metabolite KYNA, which
diminish inflammation by activating AhR, reducing TNF expression in monocytes, IL-4
secretion by natural killer (NK) cells and IL-23 formation in DCs [17,20].

Due to the aforementioned immunomodulatory properties and the natural capability
to downregulate allogeneic immune responses, the tryptophan catabolism via the kynure-
nine pathway has gained interest as an attractive therapeutic target in Tx. The in vivo
studies investigating the role of enzymes and metabolites of the tryptophan-kynurenine
pathway in immune regulation in solid organ Tx are summarized in Table 2 and discussed
in detail below.

4.1. Heart

The impact of IDO gene delivery via an adenoviral vector directly into cardiac al-
lografts has been investigated in several animal experimental models [97,98]. Li et al.
reported that the intracoronary administration, as well as intramyocardial injection, of an
adenoviral vector encoding for IDO cDNA (Ad-IDO) resulted in significantly prolonged
cardiac graft survival in rats. Similarly, IDO gene transfer, together with a short course of
low-dose Cyclosporine A (CsA), was more efficient than CsA alone. Interestingly, almost
all the cells expressing IDO were cardiomyocytes. Histological examinations also revealed
less cardiac infiltration by monocytes, macrophages and T cells (CD4+ and CD8α+), which
indicates an attenuated rejection process [97]. These findings were confirmed by Yu et al.,
showing that intramyocardial Ad-IDO injection prolonged the cardiac allograft survival in
mice [98]. Both studies reported significantly reduced mRNA transcript levels for proin-
flammatory cytokines and chemokines in Ad-IDO grafts [97,98]. However, despite the
delayed rejection, Yu et al. showed a similar cellular infiltration in Ad-IDO-treated grafts
as in control grafts, which emphasizes a probable capability of IDO to modify the function
rather than number of alloreactive T cells. Ad-IDO grafts also showed a significantly
higher proportion of Tregs [98]. As IDO-transduced DCs demonstrated the ability to in-
hibit allo-specific T-cell proliferation in vitro [97], IDO-overexpressing DC injection into
the recipient before cardiac Tx has also been investigated [99–101]. Decreased INFγ and
increased IL-10 intra-graft transcription-induced CD4+-cell apoptosis, greatly diminished
histopathology changes and significantly prolonged graft survival have been reported after
pre-Tx IDO-overexpressing DC transfusion. Interestingly, IDO was also mainly expressed
in cardiomyocytes [99]. Ly et al. used a combined recipient preconditioning with a pre-Tx
infusion of Ad-IDO-transfected DCs and a post-Tx infusion of CD40L mAb, which also
acts via IDO upregulation [100]. They reported significantly lower serum INF-γ and IL-2
expression, an increased apoptosis of peripheral CD3+ T cells and decreased creatine kinase
(CK) and lactate dehydrogenase (LDH) levels, referring to the improvement of allograft
function after cardiac Tx. More significant effects were achieved by using the combination
therapy of IDO-overexpressing DCs and CD40L mAb compared to IDO-overexpressing
DCs alone [100]. The combination treatment with IDO-transfected DCs and tryptophan
metabolites was significantly more effective in allograft rejection delay and survival pro-
longation in comparison to each of these strategies separately [101]. Among tryptophan
metabolites, contrary to AA and QUIN, 3-HAA, 3-HK and L-kynurenine showed the best
ability to inhibit the proliferation of unstimulated spleen-derived T cells by the induction
of apoptosis in vitro. A single 3-HAA and allogeneic bone marrow-derived DC injection of
recipient rats resulted in significantly prolonged cardiac graft survival and lowered the
pathological grade of rejection, while a 3-HAA injection alone had only minimal protective
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effects. The most important finding of this experiment was that 3-HAA-suppressed T cells
could not be restimulated by donor-specific DCs [83]. Another two studies by He et al.
showed that IDO-overexpressing bone marrow mesenchymal stem cells [102] or exosomes
derived from IDO-overexpressing bone marrow mesenchymal stem cells [103] injected
intravenously 48 h after allogeneic heart Tx of rats similarly resulted in significantly im-
proved graft function. This was demonstrated by determination of the ejection fraction and
left ventricular fractional shortening, as well as decreased graft damage and infiltration
by inflammatory cells compared to mycophenolate mofetil-treated or untreated animals.
The authors reported significantly lower serum levels of IL-1α, IL-4, IL-1β, IL-2, IFN-γ and
IL-18 and increased levels of IL-10, TGFβ1, TGFβ2 and TGFβ3 in both models. The flow
cytometry of isolated cells of rat spleens showed significantly lower expressions of CD40,
CD86, CD80, MHC-II, CD45RA and CD45RA+CD45RB and a higher expression of CD274
and a higher proportion of Tregs than in the control groups [102,103]. A proteomic analysis
demonstrated that exosomes secreted by IDO-overexpressing mesenchymal cells contained
significantly upregulated immunoregulatory protein FHL-1 [103]. Importantly, the tolero-
genic state, achieved by direct IDO gene transfer to cardiac cells or by IDO-overexpressing
DC infusion, is allograft-specific and not only limited to the local milieu but is rather
systemic, as shown by the increased survival of secondary implanted skin allografts that
were genetically identical to implanted hearts [98,101].

4.2. Lungs

The survival rates after lung Tx remain significantly lower compared to other solid
organ Tx, mainly due to the more active immune response to lung allografts [104]. Lung
interstitial and peribronchial tissue are well-supplied with antigen-presenting cells (APCs),
such as DCs, monocytes and macrophages, that can strongly stimulate or suppress the
immune response. There is evidence that IDO is significantly upregulated in lung tissue
during microbial infections after allogeneic hematopoietic stem cell Tx and under other
inflammatory conditions [105–107]. Importantly, it has been found that IDO is induced
and the tryptophan-kynurenine pathway is promoted not only in antigen-presenting but,
also, in nonimmune pulmonary cells, such as epithelial cells, which is important in the
local protection of lung tissue from collateral damage [105–107]. Therefore, among a bunch
of therapeutic strategies, targeting the tryptophan-kynurenine pathway has also been
investigated in several in vivo animal models of lung Tx. Swanson et al. were the first to
report that systemic Ad-IDO vector instillation into the donor’s organism before lung Tx
results in an abrogated delayed-type immune response and lowers the histopathological
grade of allograft rejection [108]. In another study, the intratracheal nonviral delivery of
IDO preserved the allograft function, which was reflected by a significantly reduced peak
airway pressure and increased PaO2 levels in IDO-transfected grafts. In vitro experiments
revealed that the protective effect of IDO is achieved not only through T-cell inhibition but,
also, through the enhancement of the local antioxidant defense system when the graft faces
the burden of oxidants [109]. The possible therapeutic role of IDO was also assessed in a
model of chronic lung allograft injury using IDO gene delivery via the “Sleeping beauty“
transposon, which, differently to most viral vectors, is capable of promoting a long-lasting
expression of the desired gene in target tissues. IDO-positive lung cells inhibited the
TGFβ-mediated proliferation of fibroblasts and excessive accumulation of collagenous
tissue, which resulted in reduced graft fibrosis, preserved bronchus-alveolar architecture
and significantly improved the function of the preconditioned lung allograft [110]. Further
investigating the mechanism of the tryptophan metabolism-induced tolerance of lung
allografts, the same group reported that, despite IDO overexpression, the number of
allograft-infiltrating CD8 T cells is still higher than in normal lungs or isografts, revealing
that IDO effects in immune modulation may be incomplete. Nevertheless, a significant
reduction of T-cell cytotoxicity by disturbance of the granule perforin and granzyme
exocytosis was demonstrated. T cells from treated allografts produced significantly less
IL-2 and TNF-α, while the INF-γ production remained obvious. Interestingly, the impaired
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function of complex I of the electron transport chain in CD8+ cell mitochondria was
revealed, while complexes II-IV were still intact. This may be the reason for the survival
of CD8+ cells in a high-IDO environment [111]. In another study, 3-HAA delivery seven
days after lung Tx showed similar immune-protective effects as donor preconditioning
by IDO gene transfer. Moreover, comparable results in GCN2 gene knockout mice were
demonstrated, strengthening the theory that the upregulation of tryptophan metabolites
may be more critical in immune regulation than tryptophan depletion. The study found
that high IDO/3-HAA levels inhibit T cells due to the impairment of calcium signaling via
the T-cell receptor (TCR)/Ca2+ signaling pathway [84]. Finally, in recent experiments, the
IDO gene was transferred into tissue-engineered lung allografts, which were constructed
from decellularized rat lungs, differentiating medium and rat bone marrow mesenchymal
stem cells. IDO gene transfer into such composites allowed to achieve tolerogenic status
by the reduction of inflammatory cytokines levels and upregulation of regulatory T cells.
Thus, IDO overexpression may be considered as one of the possible methods allowing to
go one step further in setting up a nonimmunogenic lung tissue construct and to overcome
the problem of graft shortage [112].

4.3. Liver

It is well-known that, unlike other solid organs, fully allogeneic liver grafts are ac-
cepted spontaneously in most mice strains combinations. Miki et al. were the first inves-
tigators who demonstrated that, unless IDO mRNA is not expressed in the mouse liver
in physiological conditions, it is induced after allogeneic liver Tx, and the inhibition of
IDO activity and tryptophan metabolism leads to the rejection of otherwise spontaneously
accepted liver grafts [113]. The IDO gene was found to be significantly upregulated in
allogeneic spontaneously accepted liver tissue, while naïve and syngeneic livers express
IDO mRNA. Moreover, IDO was expressed only in liver antigen-presenting cells such
as dendritic or Kupffer cells, while hepatocytes lacked an IDO signal [114,115]. Several
studies suggested that TDO, which is a liver-specific tryptophan-kynurenine pathway en-
zyme, may also play a role in immune response regulation after allogeneic liver Tx [95,116].
However, in studies by Lin et al., TDO mRNA was found to be downregulated in allogeneic
livers, implicating the probability that TDO does not participate in immune modulation,
but rather, the depletion of this enzyme induces hepatocyte damage [114,115]. The rein-
fusion of IFN-γ-treated dendritic cells, showing vastly enhanced IDO mRNA expression,
into liver-transplanted rats resulted in attenuated allogeneic liver graft rejection. The
tryptophan levels decreased during the first week after Tx, followed by a continuous
increase from day seven [117]. Contrary to these findings, Laurence et al., by inhibiting
IDO activity by means of the IDO inhibitor 1-metyltryptophan (1-MT), in allogeneic liver-
transplanted rats for the first week after Tx, did not cause acute rejection [118]. The same
group confirmed their findings in another experiment with preconditioned liver donor
rats with an IDO-containing recombinant adeno-associated virus vector; this intervention
did not result in the prevention of liver allograft rejection signs, despite the confirmed
IDO activity in vivo [119]. Another interesting animal allogeneic liver Tx experiment was
conducted using N-(3′,4′-dimethoxycinnamonyl) anthranilic acid (3,4-DAA), which was
injected intraperitoneally into recipient rats immediately after Tx. A synthetic derivative of
the natural tryptophan-kynurenine pathway branch metabolite anthranilic acid, 3,4-DAA,
has been approved in Japan as an antiallergic drug and is known for its ability to increase
IDO expression. This study demonstrated that 3,4-DAA treatment resulted in attenuated
liver allograft injury through the decreased TNF-α and IFN-γ, as well as increased IL-10
inflammatory signaling, while the IDO inhibitor 1-MT abrogated this effect. Significantly
increased L-kynurenine levels were observed in 3,4-DAA-treated rats [120].

4.4. Kidneys

Cook et al. were the first to demonstrate the immunomodulatory effects of reduced
local tryptophan concentrations and increased tryptophan metabolites in renal allografts.
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They suggested that the early reduction of cellular rejection in allografts is associated
with the TGF-β-mediated mechanism, while long-term tolerance is achieved via the IDO-
induced regulation of reactive T cells [121]. Oppositely, the pre-Tx injection of immature
IDO knockout dendritic cells to renal allograft recipient mice overturned the tolerogenic
effects of normal immature dendritic cells. This resulted in a partial reverse of the reduction
of T-cell proliferation, decreased proportions of CD4+CD25+Foxp3+ cells and increased
cellular infiltrations in grafts, as well as upregulated IgG production, IL-2 and IFN-γ ex-
pression and, most importantly, deteriorated allograft survival and function, as confirmed
by elevated serum creatinine levels [122]. Renal tubular epithelial cells, representing 75%
of the renal parenchymal cells, are the main targets of the T-cell-mediated immune re-
sponse. There is evidence that these cells have immunomodulatory capacities similar to
mesenchymal stem cells or antigen-presenting cells and express IDO when stimulated by
IFN-γ and TNF-α [51]. Tubular epithelial cells were found to have the ability to inhibit
CD4+ and CD8+ T-cell proliferation. However, the inhibition of IDO by 1-MT only partially
restored the activity of effector T cells. Importantly, it has been revealed that the tubular
epithelial cell immunosuppressive ability is cell–cell contact-dependent; therefore, they
are not able to influence T cells, which infiltrate the renal interstitial compartment and
are not directly exposed to epithelial cells [123]. Mesenchymal stem cells are known for
their natural ability to restrain the proliferation and activation of T, B and natural killer
cells, as well as to inhibit inflammation. IDO, produced by mesenchymal stem cells, has
been proven to be crucial for the promotion of Treg generation and improvement of graft
survival in rat kidney Tx models [124]. Unless the injection of high doses of mesenchymal
stem cells revealed positive effects in preventing acute allograft rejection and tolerance
induction [125], high doses of these cells may increase the risk for other complications like
infections, thrombotic microangiopathy or organ infarction [126]. He et al. injected IDO-
expressing mesenchymal stem cells into renal allograft recipients, resulting in significantly
prolonged graft survival and enhanced donor-specific tolerance by inducing the production
and improving the function of antigen-specific Tregs in a rabbit model. Importantly, low
doses of IDO-mesenchymal stem cells were sufficient to achieve tolerogenic effects [127].

The group of Vavrincova-Yaghi investigated the role of IDO gene therapy in kidney
allograft preconditioning after organ retrieval. IDO transgene delivery directly into the
kidney graft resulted in a significantly attenuated increase in plasma creatinine and im-
proved allograft function, as well as reduced levels of kidney injury markers KIM-1 and
alpha smooth muscle actin (α-SMA). Significantly reduced inflammation and upregulated
Treg cell markers were found in IDO-preconditioned kidneys, which was accompanied
by preserved tubular morphology and reduced interstitial pre-fibrosis. Despite the locally
increased transgene expression in the renal interstitium, no significant difference in the
systemic kynurenine/tryptophan ratio was found in IDO-transfected rats, suggesting that
the effect of IDO overexpression remained local [128]. Interestingly, human IDO mRNA
was absent in IDO-preconditioned transplanted kidneys at 12 weeks after Tx, which shows
again that adenoviral transgene expression is limited in time. However, several clinical
improvements, like the gaining of body weight, increase of systolic blood pressure or
prevention of proteinuria, were still observed within the 12-week period in IDO-treated
animals [129]. It has been previously found that tryptophan metabolism to kynurenines
induced by IDO expressed in endothelium leads to the relaxation of arterial vessels via
the adenylate and guanylate cyclase pathways during inflammatory conditions and sep-
sis [130]. Vavrincova-Yaghi et al. found reduced angiotensin-converting enzyme mRNA
expression in IDO-preconditioned renal grafts, which could be another favorable mecha-
nism through which IDO may reduce arterial blood pressure [129]. Moreover, kidney graft
preconditioning with IDO in a long time period protected against transplant vasculopa-
thy, which is one of the most important pathophysiologic elements in chronic transplant
rejection, as proliferated neointima and narrowed vascular lumen lead to hypoperfusion,
subsequent graft fibrosis and chronic transplant dysfunction [129]. A murine model of
heterotopic aortic Tx revealed that the daily administration of various doses of antioxi-
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dant sodium sulfite blocked tryptophan breakdown through the kynurenine pathway and
resulted in significant vasculopathy, as well as increased levels of α-SMA, vascular cell
adhesion molecule (VCAM)-1 and P-selectin. These findings proved the role of tryptophan
metabolism in chronic transplant rejection and highlighted the challenges associated with
antioxidant treatments, as they apparently may have ambivalent consequences [37].

In a recent porcine kidney allo-Tx study, the allogenic immune response significantly
promoted the IDO gene and proinflammatory cytokines expression and, additionally,
suppressed another tryptophan kynurenine pathway enzyme KMO [131]. As 3-HK, a KMO-
catalyzed reaction product, is known to be a more potent immunosuppressive catabolite
than L-kynurenine [83], its loss due to KMO suppression may explain the inability of
elevated allograft IDO activity to fully inhibit rejection [131] and give some implications
about KMO or KAT as another potential therapeutic target of immune modulation.

4.5. Pancreas

Unfortunately, there are no studies, examining the immunoregulatory properties of
tryptophan-kynurenine pathway enzymes and metabolites in the setting of whole pancreas
Tx so far. Nevertheless, these questions have been investigated in several experimental
animal models of pancreatic islet Tx. Alexander et al. found IDO gene transfer via the aden-
oviral vector to pancreatic cells resulting in significantly prolonged graft survival, increased
amounts of insulin-positive β cell mass and the inhibition of T-cell proliferation [132].
Avoiding the potential harmful effects of the adenovirus on pancreatic islets [133,134], Jalili
et al. created a three-dimensional islet graft by embedding allogeneic mouse islets and IDO-
transduced fibroblasts within a collagen gel matrix. Interestingly, IDO was still expressed
in the graft, whereas T-cell infiltration was not detected 40 days after Tx. The inclusion of
IDO-overexpressing fibroblasts into this composite model also promoted Treg upregulation
in graft-draining lymph nodes, generated anti-inflammatory cytokine profiles, inhibited
the production of donor specific alloantibodies and significantly increased the number of
insulin-producing cells. However, this effect was only observed until the fifth week after
graft implantation, proving that IDO expression and its mediated immunosuppression
was transient [135]. By using a lentiviral IDO vector combined with a protease-resistant
composite scaffold, the immunosuppression could be prolonged for two weeks. However,
a gradual decline of IDO expression and the respective immunosuppression remained
inevitable. The authors emphasized that immune stability is maintained until a sufficient
amount of Tregs is present [136]. The same group proposed a pancreatic islets xenogeneic
Tx model. They implanted a collagen matrix-containing rat islet and adenoviral-transduced
IDO-expressing mouse fibroblasts into recipient mice. The results indicated that IDO sup-
presses macrophage and T-cell infiltration into the graft, as well as inhibits iNOS expression
by macrophages, which is extremely important in xenogeneic Tx, as macrophage activity is
mainly responsible for xenograft rejection. Interestingly, in vitro experiments showed that
a tryptophan deficiency, rather than increased levels of tryptophan metabolites, was re-
sponsible for macrophage viability reduction and apoptosis induction [76]. Another study
investigated, in a systemic approach, the effects of intraperitoneal-injected IDO-expressing
fibroblasts in recipients. This treatment delayed the rejection of pancreatic islet allografts
culminating in a part of recipients, even reaching immune tolerance and leading to the
assumption that the systemic delivery of IDO-overexpressing fibroblasts may be more
efficient than local applications, probably due to the possibility to inject more cells [137].

4.6. Small Bowel

One of the most challenging features of intestinal allografts is the extremely high
immunogenicity compared to other organ grafts; proper immune regulation is still a major
obstacle. A murine small bowel Tx model revealed that a recipient treatment with IDO-
transfected DCs, intravenous 3-HAA or a combination of these approaches results in a
significantly prolonged graft survival, reduced inflammation and diminished morpholog-
ical graft distortion. Interestingly, IDO-DCs seem to have stronger immunosuppressive
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effects than 3-HAA. Despite that in vitro 3-HAA enhanced the immunosuppressive effect
of IDO-DCs when used in combination, in vivo, no significant improvement in allograft
survival was observed compared to the IDO-DC treatment alone. Despite the potential
therapeutic effect of IDO in intestinal Tx, the increased risk of intestinal tumors due to IDO
activity should be taken into account [82].

To sum it up, targeting tryptophan metabolism via the kynurenine pathway seems
an attractive strategy for immune regulation in solid organ Tx via mechanisms decreas-
ing the inflammatory changes, such as IRI and both acute and chronic rejection. While
human recipient preconditioning or post-Tx treatment with IDO gene therapy might still
raise concerns, especially due to unknown long-term systemic effects and their related
dangers, intensifying the investigation on novel organ preservation techniques, such as
normothermic or sub-normothermic machine perfusion, will potentially provide an attrac-
tive platform for gene therapy by direct IDO gene transfer to graft cells or IDO-transfected
APC delivery directly to the organ. Nevertheless, the current evidence is limited to in vitro
experiments and animal models, revealing that there are still several challenges to over-
come. Most of the studies only succeeded in delaying the acute rejection, but absolute
allograft tolerance was usually not achieved, and allograft survival remained time-limited.
This means that the use of more stable vectors in gene therapy, multiple dosage recipient
treatment after Tx or a combination with conventional immunosuppressive therapy may
be necessary. There is still also a lack of evidence regarding the role of tryptophan and
its metabolites in the regulation of humoral alloimmunity, which is also an important
player in the organism’s general immune response against allografts [89,92]. The current
experimental evidence still lacks information about the IDO gene therapy effects on long-
term graft conditions and functions, as well as systemic consequences. For example, the
creation of a tolerogenic environment by enhancing the tryptophan breakdown carries
a risk of the development and expansion of malignant cells, which could potentially be
one of the biggest drawbacks of IDO gene therapy [17]. Therefore, further investigation is
still necessary to answer the remaining questions regarding the effectiveness and safety of
targeting the tryptophan-kynurenine pathway, especially using gene therapy, for post-Tx
immune regulation.

Table 2. Immunomodulatory effects of targeting the tryptophan-kynurenine pathway in animal models of solid organ
transplantation (Tx).

Reference Experimental
Model Treatment/Intervention Outcomes

Heart

Li et al. [97],
2007

Rats model of
heart Tx

IDO gene transfer into the donor heart
via adenoviral vector by an

intracoronary infusion or intracardiac
injections of vector-containing

(1010 PFU) solution immediately
before Tx.

↓mRNA levels of IFN-γ, TNF-α, TGF-β, IL-1β;
↓graft infiltration with monocytes, macrophages,

T effector cells; ↑graft survival.

Yu et al. [98],
2008

Mice model of
heart Tx

IDO gene transfer into the donor heart
via adenoviral vector by intracardiac
injections of vector-containing (1010

PFU) solution immediately after Tx.

↓mRNA levels for IL-2, IL-17, IFN-γ;
↑proportion of Tregs, no difference in leucocyte
infiltration; delayed rejection, ↑graft survival.

Dai et al. [83],
2009

Rats model of
heart Tx

Single injection of allogeneic bone
marrow dendritic cells+3-HAA for

recipient animals 7 days before
receiving the graft.

↓mRNA levels for IL-2, IL-17, IFN-γ;
↑proportion of Tregs, no difference in leucocyte
infiltration; delayed rejection, ↑graft survival.

Li et al. [99],
2016

Mice model of
heart Tx

106 donor’s DCs transfected with IDO
gene via adenoviral vector, infused

intravenously 3- and 1- day before Tx.

↓mRNA levels of IFN-γ, ↑ IL-10; ↑ CD4+ T cells
apoptosis; ↓histopathological changes; ↑

graft survival.
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Table 2. Cont.

Reference Experimental
Model Treatment/Intervention Outcomes

Lv et al. [100],
2018

Mice model of
heart Tx

106 donor’s DCs transfected with IDO
gene via adenoviral vector, infused

intravenously 5- and 3- days before Tx,
combined with 250-µg/d CD40L mAb

infused intravenously at 0, 1, 2 and
4 days after Tx.

↓serum levels of INF-γ and IL-2; ↑apoptosis of
peripheral CD3+ T cells; ↓serum CK and LDH

levels. More significant effect of combined
therapy than IDO+ DCs alone.

He et al. [103],
2018

Rats model of
heart Tx

IDO 1-overexpressing
(lentivirus-transfected) bone marrow

mesenchymal stem cells exosomes
injected intravenously (1 mL;

20 mg/mL) 48 h after heart Tx.

↑graft function (↑ejection fraction and left
ventricular fractional shortening on days 2, 4

and 7); ↓graft infiltration by inflammatory cells;
↓serum levels of IL-1α, IL-4, IL-1β, IL-2, IFN-γ,

IL-18; ↑levels of IL-10, TGFβ1, TGFβ2 and
TGFβ3; ↓expression of CD40, CD86, CD80,

MHC-II, CD45RA and CD45RA+CD45RB and
↑expression of CD274; ↑proportion of Tregs in

spleen; ↑immunoregulatory protein FHL-1.
miR-540-3p was the most highly upregulated

microRNA, and miR-338-5p was the most highly
downregulated microRNA in IDO+ exosomes.

He et al. [102],
2020

Rats model of
heart Tx

106 donor bone marrow mesenchymal
stem cells transfected with IDO via the
lentivirus injected intravenously 48 h

after heart Tx.

↑graft function (↑ejection fraction and left
ventricular fractional shortening on days 2, 4 and

7 post-Tx; ↓graft infiltration by inflammatory
cells; ↓hemorrhage, edema, and myocardial

damage; ↓serum levels of IL-1, IL-4, IL-2, IFN-γ,
IL-18 and ↑ IL-10, TGFβ1, TGFβ2 and TGFβ3.
↓expression of CD40, CD86, CD80, MHCII, and

CD45RA+CD45RB, and ↑ CD274; ↑Tregs.

Li et al. [101],
2020

Mice model of
heart Tx

Donors DCs transfected with IDO gene
via adenoviral vector combined +

tryptophan catabolic products infused
intravenously to recipient 3 days

before Tx.

↓IL-2, IFN-γ and TFN-α, ↑IL-10 mRNA and
protein expression; ↑CD4+ T cells apoptosis;
↓histopathological injury level; ↑allograft

survival. Effect more significant with combined
therapy than either of therapies alone.

Lungs

Swanson et al.
[108], 2004

Rats model of
lung Tx

IDO gene transfer into the donor lungs
via adenoviral vector by instillation of
vector-containing (107 PFU) solution

24 h before Tx.

↓delayed-type hypersensitivity responses to
donor antigens, ↓graft rejection

histopathological grade.

Liu et al. [109],
2006

Rats model of
lung Tx

hIDO gene transfer via PEI carrier.
0.2 mL of transfection solution

containing 20 mcg of plasmid DNA
delivered to donor rat lung via an

intratracheal catheter 24 h before Tx.

↓peak airway pressure, ↑PaO2; ↓level of acute
cellular rejection and preserved graft architecture
in histopathology; ↓CD3 and MPO-positive cells
infiltration; ↓necrosis and apoptosis of lung cells,

↓ intracellular ROS formation.

Liu et al. [110],
2006

Rats model of
lung Tx

Sleeping beauty transposon mediated
hIDO gene delivery (50 mcg of plasmid

DNA) to donor rat lung via an
intratracheal catheter 24 h before Tx.

↓peak airway pressure, ↑PaO2; inhibition of
TGFβ mediated proliferation of fibroblasts;

↓graft fibrosis; preserved
bronchus-alveolar architecture.

Liu et al. [111],
2009

Rats model of
lung Tx

Sleeping beauty transposon mediated
hIDO gene delivery. 450 mcg of

plasmid DNA delivered to donors
intravenously 24 h before Tx.

↓acute cellular rejection grade and graft injury;
↓peak airway pressure, ↑PaO2. Impaired

function of complex I of the electron transport
chain in mitochondria, inhibited cytotoxic

function of lung infiltrating T cells; ↓production
of IL-2 and TNF-α, but remaining production of

IFN-γ (in CD8+ T cells isolated from
lung allografts).
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Table 2. Cont.

Reference Experimental
Model Treatment/Intervention Outcomes

Iken et al. [84],
2012

Mice model of
lung Tx

hIDO gene transferred to donor lung
via non-viral PEI carrier;

Intraperitoneal injections of 250–350
mg/kg 3-HAA for 7 days.

↓acute cellular reduction grade and graft injury;
↓peak airway pressure, ↑PaO2; ↑graft survival

due to T cell inhibition:
(a) Impaired TCR activation through the

interruption of intracellular calcium (Ca21) and
of the TCR/Ca21 signaling pathway;

(b) ↓levels of proinflammatory cytokines and
chemokines (evident ↓IL-2, IL-4 IL-6, IL-5, IL-13,
50% ↓IFN-γ, TNF-α, IL-12, no change of IL-10,

IL-17) in allografts;
Maintenance of naïve T cells rather than the

generation of effector memory T cells.

Ebrahimi et al.
[112], 2016

Rats model of
engineered lung

tissue Tx

IDO transduction to the engineered
Lung Tissue via IDO expressing

lentivirus.

↓histopathological score of acute rejection,
↓TNF-α and IFN-γ gene expression, ↑level of

FOXP3 expression (↑Tregs), ↓RANTES.

Liver

Laurence et al.
[119], 2009

Rats model of
liver Tx

IDO gene transfer via recombinant
adeno-associated virus vector. Donors

pretreated with 1013 Vg of the
recombinant virus

(rAAV2/8-LSP1-rIDO) by infusion into
the portal vein 2 weeks prior to Tx.

Despite confirmed in vivo IDO activity,
rAAV2/8-LSP1-rIDO failed to prevent liver

allograft rejection (recipient and graft survival,
histological features did not differ

between groups).

Sun et al. [120],
2011

Rats model of
liver Tx

200 mg·kg−1·day−1 of 3,4-DAA
injected intraperitoneally immediately

after surgery.

↓serum ALT; ↓level of injury in histopathology;
↓TNF-α, IFN-γ, ↑IL-10 mRNA expression.

Kidney

Vavrincova-
Yaghi et al.
[128], 2011

Rats model of
kidney Tx

IDO gene transfer to donor kidneys via
RGD-modified adenovirus. Solution
with 4 × 1011 viral particles infused
into renal artery of retrieved kidney

and incubated for 20 min in 4 ◦C saline.

↓increase in plasma creatinine; ↓the interstitial
infiltration of CD8+ T cells and macrophages;
↓expression of SMA- α and KIM-1 mRNA;

↓expression of IL-2, IL-17, TGF-β mRNA, ↑levels
of foxp3 mRNA (↑Tregs).

He et al. [127],
2015

Rabbits model of
kidney Tx

Mesenchymal stem cells transfected
with IDO gene via recombinant

lentivirus. IDO-MSCs
(2 × 106 cells/kg) injected

intravenously to recipient mice after Tx.

Induced donor specific allograft tolerance via ↓of
CD4+CD25− T-cells, ↑of CD4+CD25+ Foxp3+

(Tregs), ↑ antigen-specific immune-suppressive
functions of CD4+CD25+ Tregs, ↑CTLA-4

expression by CD4+CD25+ Tregs, stimulation of
Treg cells to secrete IL-10 and TGF-β1; ↑graft

survival, ↓acute rejection signs (↓serum
creatinine levels, preserved normal histological

graft structure).

Vavrincova-
Yaghi et al.
[129], 2016

Rats model of
kidney Tx

IDO gene transfer to donor kidneys via
RGD-modified adenovirus. Solution
with 4 × 1011 viral particles infused
into renal artery of retrieved kidney

and incubated for 20 min in 4 ◦C saline.

In a long-time period (12 weeks) treatment
protected against development of transplant

vasculopathy, rise of systolic blood pressure and
proteinuria; plasma creatinine did not reduce
significantly; ↑expression of TGF-β and foxp3

mRNA; ↓expression of ACE mRNA.

Pancreas

Alexander et al.
[132], 2002

Mice model of
pancreatic
islets Tx

IDO gene transfected into pancreatic
islets via recombinant adenovirus.

↑graft survival, ↓proliferation of T cells,
↑remaining insulin producing cells.

109



Int. J. Mol. Sci. 2021, 22, 1921

Table 2. Cont.

Reference Experimental
Model Treatment/Intervention Outcomes

Jalili et al. [135],
2010

Mice model of
pancreatic
islets Tx

Composite three-dimensional islet
grafts engineered by embedding

allogeneic mouse islets and
adenoviral-transduced IDO–expressing
syngeneic fibroblasts within collagen

gel matrix.

↓CD4+ and CD8+ effector T-cells infiltration at
the graft site, ↑number of Treg cells in

graft-draining lymph nodes; ↓gene expression of
proinflammatory cytokines (IL-2, IL-17, CXCL9

and CXCL10), ↑gene expression of
anti-inflammatory cytokines (IL-4, IL-10);
delayed allo-specific antibody production,
↑viability of insulin secreting cells.

Immunosuppressive effect limited to
5 weeks post-Tx.

Poormasjedi-
Meibod et al.

[76], 2013

Mice model of
pancreatic islets

xenoTx

Composite three-dimensional islet
grafts engineered by embedding

allogeneic rat islets and
adenoviral-transduced IDO-expressing
syngeneic mouse fibroblasts within the

collagen gel matrix.

Well-preserved islet morphology, ↑number of
insulin and glucagon expressing β cells,

↓number of infiltrating macrophages and CD3+
T cells, ↓iNOS expression.

Hosseini-
Tabatabaei et al.

[136], 2015

Mice model of
pancreatic
islets Tx

Composite three-dimensional islet
grafts engineered by embedding

allogeneic rat islets and
lentivirus-transduced IDO-expressing

syngeneic mouse fibroblasts within
protease-resistant scaffold.

↑islet allograft survival (until 7 weeks);
↑population of foxp3+ Tregs at the graft site and
graft-draining lymph nodes, ↓T-cell infiltration.

Better-preserved functional β cell mass.

Small bowel

Xie et al. [82],
2015

Mice model of
small bowel Tx

IDO gene transfected to DCs via
adenoviral vector. Three treatment

groups: (A) 2 × 106 IDO
gene-transfected DCs injected

intravenously immediately after Tx;
(B) 120-mg/kg 3-HAA injected
intravenously 7 days before Tx;

(C) Both.

All treatment types ↓effector T cells and ↑Foxp3+
Tregs, ↓plasma pro-inflammatory cytokines

(IFN-γ, IL-2) and ↑anti-inflammatory cytokines
(IL-10, TGFβ), preserved histological graft

structure. All strategies ↑graft survival
compared to control, however IDO-DCs were

more effective than 3-HAA. No significant
difference in graft survival when used both.

Abbreviations: Tx: transplantation, (h)IDO: (human) indoleamine-2,3-dioxygenase, PFU: plaque-forming unit, IFN: interferon, TNF:
tumor necrosis factor, TGF: tumor growth factor, IL: interleukin, 3-HAA: 3-hydroxyanthranilic acid, CD: cluster of differentiation, DCs:
dendritic cells, CK: creatine kinase, LDH: lactate dehydrogenase, MHC: major histocompatibility complex, PEI: polymer polyethyleneimine,
MPO: myeloperoxidase, TCR: T-cell receptor, foxp3: Forkhead box P3, RANTES: Regulated upon Activation, Normal T Cell Expressed
and Presumably Secreted, Tregs: regulatory T cells, RNA: ribonucleic acid, DNA: deoxyribonucleic acid, ALT: alanine aminotransferase,
3,4-DAA: 3,4,-dimethoxycinnamoyl anthranilic acid, CTLA: cytotoxic T-lymphocyte-associated protein, ACE: angiotensin-converting
enzyme, ROS: reactive oxygen species, PaO2: partial oxygen pressure, KIM: kidney injury molecule, SMA: smooth muscle actin and iNOS:
inducible nitric oxide synthase, ↑: increased, ↓: reduced.

5. Diagnostic and Prognostic Role of Tryptophan and Its Metabolites in Solid Organ Tx

The assessment of graft quality, prediction of the early- and long-term graft outcomes
and risk of post-Tx mortality of recipients is another important aspect in the field of solid
organ Tx. The early detection of specific biomarkers of rejection, delayed graft function or
primary nonfunction are also essential to identify patients at risk and put more effort on the
follow-up and timely treatment in these cases. Tryptophan and its metabolites have been
investigated as attractive diagnostic and/or prognostic tools in solid organ Tx (Table 3).

There is evidence that about half of recipients experience inflammatory conditions
after kidney Tx, such as cellular or humoral graft rejections, bacterial, viral or mycotic
infections, which increase the level of proinflammatory mediators and induce tryptophan
catabolism by IDO [138]. Correspondingly, it has been suggested that low IDO activity and
stable low serum levels of tryptophan catabolite kynurenine after kidney Tx are related to
superior graft survival, as an immune balance has been reached [139]. Lahdou et al. [140]
and Brandacher et al. [141], investigating adult kidney recipients, reported that the serum
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kynurenine/tryptophan ratio in the recipients without acute rejection drops to a level
comparable with healthy non-transplanted subjects as early as in the first three weeks [141]
or six months [140] after graft implantation. Interestingly, another group showed that
stable pediatric kidney Tx recipients (no acute graft rejection and no infection) had signifi-
cantly higher urine kynurenine/tryptophan ratios within the first month post-Tx compared
to healthy children. This suggests that a slightly increased tryptophan catabolism may
probably reflect the maintenance of the stable immunological/anti-inflammatory state after
Tx [142]. Holmes et al. were the first to report that serum kynurenine levels significantly
increase at five–seven days before biopsy-proved kidney allograft rejections, as well as
in cases of viral or bacterial infections [143]. Brandacher et al. confirmed these results,
showing that the serum and urine kynurenine/tryptophan ratios and kynurenine alone
permit an accurate diagnosis of acute graft rejection. Importantly, changes of kynure-
nine/tryptophan were observed as early as one day after Tx, much earlier than the episode
of rejection, and suggests a predictive role of tryptophan catabolism in transplanted pa-
tients. However, no significant changes in either levels of tryptophan, kynurenine or the
kynurenine/tryptophan ratio were associated with infection episodes in the observed
cohort [141]. Lahdou et al. demonstrated that recipients experiencing acute kidney graft
rejection had significantly higher plasma kynurenine levels already prior to Tx compared
to patients who had favorable early graft outcomes [140]. Although these early observa-
tions were limited to small cohorts [140,141,143], later larger retrospective and prospective
studies confirmed rather than denied these results. In a large retrospective study, Kaden
et al. demonstrated that kidney recipients with immediately functioning grafts show a
significant decrease of serum kynurenine levels to almost normal values already at day
five after Tx, and this normal course in kynurenine dynamics is changed by inflammatory
events that activate IDO. The increased levels of kynurenine in the context of acute graft
rejection in this study was dependent on the severity of rejection (the lowest increase
in steroid-sensitive rejection and the highest one in vascular rejection). Moreover, the
successful treatment of rejection resulted in decreased plasma kynurenine levels [144].
In a prospective study by Vavrincova-Yaghi et al., a rapidly increasing serum kynure-
nine/tryptophan ratio as early as the first day after Tx was associated with acute graft
rejection [145]. Kim et al. detected five urinary biomarkers related to T-cell mediated
kidney allograft rejection by using a metabolomics approach: a positive association was
found with guanidoacetic acid, methylimidazoleacetic acid and dopamine and a negative
one with 4-guanidinobutyric acid and L-tryptophan. Together, these metabolites predicted
acute T-cell-mediated rejection with an accuracy of 87% for the training set; however, in the
validation set, the accuracy decreased to 62.5% [146]. In another targeted metabolomics
study that investigated urinary metabolites, kynurenine was found as one of the top 10
metabolites able to identify acute T-cell-mediated rejection in pediatric kidney Tx recip-
ients [147]. On the contrary, Dharnidharka et al. did not observe such diagnostic and
prognostic effects of urine tryptophan, kynurenine or the kynurenine/tryptophan ratio.
However, they found that the increased serum kynurenine/tryptophan ratio, but not
tryptophan or kynurenine alone, reflects episodes of acute rejection in children after renal
Tx [148]. Interestingly, another metabolomics study, investigating metabolic changes in
acute renal allograft rejection, reported converse results. Serum tryptophan was decreased
and kynurenine increased in the group of patients experiencing no acute graft rejection in
comparison to recipients who did. The authors explained this finding as a reflection of the
increased IDO activity and its probable tolerogenic role for relieving acute rejection [149].

The role of kynurenine in the diagnosis of infectious events of kidney Tx recipients has
also been demonstrated. In the case of cytomegalovirus (CMV) infection, elevated serum
kynurenine levels were found even in asymptomatic patients [144]. Sadeghi et al. similarly
showed that plasma levels of two tryptophan metabolites, kynurenine and quinolinic acid,
correlated with the severity of CMV infection in kidney Tx recipients [150]. Moreover,
patients experiencing pneumonia and/or sepsis showed significantly increased serum
kynurenine levels already five days prior to diagnosis and treatment initiation compared to
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the conventional marker C-reactive protein (CRP), which increased only immediately before
the start of therapy. Furthermore, the increase of kynurenine despite the ongoing antibiotics
was associated with lethal endpoints [144]. Dharnidharka et al. also reported that the urine
kynurenine/tryptophan ratio was significantly increased prior to major infection events
in pediatric kidney transplant patients, even though the tryptophan metabolite levels in
urine did not reflect acute rejection in this study [148]. Nevertheless, it is important to
emphasize that kynurenine may not be suitable in the prediction or diagnosis of acute
rejection or major infections in patients who are already dialyzed, because dialysis itself
leads to elevated kynurenine levels [144,151].

Several attempts to use tryptophan and its metabolites as diagnostic or prognostic
tools to predict graft function in a short-term or long-term period after Tx have been
reported. A metabolomics study that enrolled [42] patients with or without acute kidney
injury after renal Tx revealed the serum tryptophan and symmetric dimethylarginine
levels to have the most significant negative correlations with blood urea nitrogen, serum
creatinine and uric acid, being the most accurate markers for graft injury. When combined,
these two markers reached an area under the curve of 0.901 with a sensitivity of 0.889 and
a specificity of 0.831 for the diagnosis of acute kidney injury. These results implicate that
decreased tryptophan levels may serve as a highly potential biomarker for graft injury [152].
Another group investigated the metabolomics of 40 human kidney allografts, looking for
abnormalities in failing transplants. They found significantly reduced serum tryptophan
levels in patients with low GFR after renal Tx. The decline in serum tryptophan was al-
ready detected in patients with slightly diminished GFR and became apparent in the group
with the lowest GFR (21 ± 39 mL/min), revealing a dose response trend of tryptophan
reduction. Similarly, a tryptophan decline in urine confirms that lower tryptophan levels
reflect accelerated catabolism rather than urinary loss [11]. Vavrincova-Yaghi et al. focused
on the prediction of chronic kidney allograft dysfunction and long-term kidney outcome.
In general, the kynurenine/tryptophan ratio was significantly decreased at two years
after Tx compared to two weeks and six months, thus reflecting the pattern of tryptophan
metabolism changes. Serum and urine tryptophan and kynurenine levels, as well as the
serum tryptophan/kynurenine ratio at two weeks and six months after renal Tx, were
associated with two-year kidney graft function, as reflected by serum creatinine levels
and albuminuria. Importantly, serum kynurenine at six months was found to be the only
independent predicting factor for two-year serum creatinine. Interestingly, an association
between the early levels of tryptophan or its metabolites with a histopathological level
of graft damage was not found [145]. Another large prospective cohort study of 561 re-
cipients with a more than one-year functioning renal graft revealed that baseline serum
kynurenine, 3-HK and the 3-HK/kynurenine ratio were strongly associated with graft
failure in long-term follow-up and kidney graft function. Out of all of these parameters,
3-HK was best-associated with long-term kidney graft outcomes. Serum 3-HK and the
3HK/kynurenine ratio were also linked to mortality, while serum kynurenine and the
kynurenine/tryptophan ratio did not show such an association. However, the same param-
eters in urine did not show any such independent associations with long-term outcomes,
suggesting that serum metabolites of the tryptophan-kynurenine pathway may be more
favorable predictors in terms of kidney function [153].

Despite the fact that most of the predictive/diagnostic studies investigating tryp-
tophan metabolism were conducted in the setting of kidney Tx, similar results were
demonstrated in other transplant recipients. Meloni et al. investigated the plasma kynure-
nine/tryptophan levels in 26 patients with clinically stable lung grafts for >36 months
after Tx and 64 patients who presented with bronchiolitis obliterans syndrome of various
grades. A significantly increased kynurenine/tryptophan ratio was found in recipients
with bronchiolitis obliterans syndrome in comparison to patients with stable grafts, sup-
porting the idea that an increased IDO activity and tryptophan catabolism rather reflects
chronic rejection than the protective/tolerogenic state of the immune system [154]. In a
retrospective cohort study, Oweira et al. found significantly increased pre-Tx tryptophan,
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kynurenine, KYNA and quinolinic acid levels in patients who died due to sepsis or graft
failure during the first year after liver Tx compared to those who survived more than one
year. Together with serum bilirubin at post-Tx day five and phenylalanine at days five and
10, the pre-Tx serum kynurenine and kynurenic acid levels correlated significantly with
one-year mortality after liver Tx [155].

In addition, tryptophan and its metabolites were also investigated as potential biomark-
ers of the organ quality and severity of graft IRI in livers. A metabolomics analysis of
37 human liver grafts revealed nearly two-fold increased levels of tryptophan and kynure-
nine in donation after circulatory death (DCD) grafts (in comparison with donation after
brain-stem death (DBD) grafts) in the cold ischemia phase. All grafts were stored in
tryptophan-free organ preservation solution, suggesting that tryptophan metabolism is
probably responsible for the organ quality and may be used as a biomarker. Two primary
nonfunctioning allografts in this cohort also had significantly higher levels of tryptophan
and kynurenine in the cold phase. However, significant differences regarding tryptophan
and its metabolites were not observed during reperfusion [10]. A metabolomics study
investigating micro-dialysates of human liver grafts during the complex process of IRI
revealed that kynurenine might potentially serve as a biomarker of aggravated ischemic
injury. A nearly three-fold increased expression of kynurenine was found in DCD (donation
after circulatory death) grafts at the end of cold ischemia compared to DBD (donation
after brain-stem death) grafts. Moreover, the kynurenine levels gradually increased during
reperfusion. Cold ischemia-phase kynurenine levels were also linked to graft outcome.
Grafts that later developed a primary nonfunction or initially poor function had four-times
higher kynurenine levels at 10 min of cold ischemia compared to immediately functioning
ones [156]. There is an increased interest in the detection of biomarkers in the organ ma-
chine perfusion setting, which would allow determining the graft quality and predicting
outcomes after implantation. As already mentioned before, a recent study found differences
in tryptophan metabolism during discarded human liver normothermic machine perfusion
compared to sub-normothermic machine perfusion. An increased tryptophan metabolism,
as well as higher kynurenine and KYNA levels, have been found in livers subjected to
normothermic compared to sub-normothermic machine perfusion. As grafts were not
implanted, no associations with the later graft function were possible. However, this study
suggests that measurements of tryptophan catabolites in perfusate could be used for graft
quality assessment or the prediction of outcomes [24]. A recent experimental study using a
mouse model raised concerns about the capability of tryptophan metabolism markers to
reflect graft IRI. The authors found that metabolic profiles in acute cellular rejection and
IRI after kidney Tx differ. Kynurenine was significantly increased during acute allograft
rejection but not in IRI. This finding sheds some light on the potential discriminative
property of tryptophan metabolites in distinguishing reasons for graft dysfunction [157].

The increased tryptophan metabolism seems to be paradox. On the one hand, it
should work as an endogenous process inducing immune suppression and preventing graft
rejection. On the other hand, studies have shown that increased kynurenine/tryptophan
ratios and/or decreased tryptophan and/or increased levels of tryptophan metabolites
reflect the graft rejection or injury. It raises a question if this IDO-dependent pathway
is sufficient to achieve a tolerogenic state after solid organ Tx. Importantly, it should be
taken into account that observational studies reveal correlations and associations between
metabolite and graft functions or the event of rejection rather than causal relationships.

Most of the current evidence is available in the setting of kidney Tx, while sufficient
data about the diagnostic role of tryptophan catabolism in other organ Tx settings is scarce.
However, there is still a question whether tryptophan and its metabolites might be con-
sidered as markers in solid organ Tx, as the results of the studies are inconclusive. This
may not only be explained by inconsistent types and sizes of study populations, endpoints
of interest and varying follow-up periods but, also, by different measurement techniques.
In general, the reliable and accurate quantification of tryptophan and kynurenine path-
way metabolites in plasma, urine or organ perfusate might be challenging, especially in
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daily clinical practice, mainly due to their lability, low physiological levels and interfer-
ence of other endogenous compounds in biological fluids [158]. Extreme concentration
differences among tryptophan and its metabolites (e.g., plasma concentrations of trypto-
phan, kynurenine and 3HK in healthy individuals are about 60 µmol/L, 2 µmol/L and
<0.13 µmol/L, respectively) [159] may hamper the simultaneous quantification of these
analytes. Determination of the tryptophan-kynurenine pathway compounds mainly relies
on chromatographic methods such as high-performance liquid chromatography (HPLC)
coupled to ultraviolet (UV), fluorescent or electrochemical detection, as well as liquid or
gas chromatography with mass spectrometric detection (LC-MS or GC-MS, respectively).
However, specific drawbacks of all these techniques should be taken into account [155,158].
Although the high-performance LC with UV detection is easily accessible in clinical prac-
tice, its low sensitivity and specificity in tryptophan-kynurenine metabolite quantification
due to the interference of other biological compounds, as well as the problems in the
simultaneous determination of multiple metabolites, are major drawbacks of the method.
Selectivity may be improved with fluorescence detection; however, not all kynurenines are
fluorescent, making quantification without derivatization sometimes impossible. Electro-
chemical detection high sensitivity is an advantage for the detection of metabolites in low
concentrations. However, its level of selectivity and reproducibility may be not satisfac-
tory [158]. The most suitable and reliable chromatographic method for the simultaneous
multi-compound analysis of tryptophan and kynurenine pathway metabolites is LC-MS,
which allows the accurate quantification of analytes in a wider range of concentrations.
However, due to the necessity of costly equipment, expensive isotope-labeled internal
standards and precise sample preparation process, its utility in daily clinical practice is
limited as well [11,146,147,149,152,158]. Nuclear magnetic resonance (NMR) is another
promising technique that allows not only the rapid and precise quantification of various bio-
chemical analytes in biological fluids or tissues but, also, the noninvasive in vivo analysis
of metabolism in spectroscopic images and have also been successfully used to determine
the levels of tryptophan-kynurenine pathway compounds [11,160]. Nevertheless, this
method also requires sophisticated equipment, which currently limits its use mainly to the
scientific setting.

Nevertheless, tryptophan metabolism via the kynurenine pathway remains an attrac-
tive potential indicator of graft quality and post-Tx function, as well as a reflector of the
immune state. Therefore, we encourage the establishment of robust, accurate and universal
detection techniques that could be available not only in scientific but, also, in clinical
settings. Additionally, further studies validating tryptophan metabolites as noninvasive
biomarkers in the field of Tx are needed.

114



In
t.

J.
M

ol
.S

ci
.2

02
1,

22
,1

92
1

Ta
bl

e
3.

Tr
yp

to
ph

an
an

d
it

s
m

et
ab

ol
it

e
as

so
ci

at
io

n
w

it
h

po
st

-T
x

ou
tc

om
es

in
hu

m
an

st
ud

ie
s.

R
ef

er
en

ce
St

ud
y

D
es

ig
n

Po
pu

la
ti

on
M

ea
su

re
m

en
t

Fo
ll

ow
-U

p
O

ut
co

m
e

A
ss

oc
ia

ti
on

G
ra

ft
Fu

nc
ti

on
A

R
In

fe
ct

io
n

R
ec

ip
ie

nt
M

or
ta

li
ty

H
ol

m
es

et
al

.
[1

43
],

19
92

R
et

ro
sp

ec
ti

ve
32

ki
dn

ey
Tx

re
ci

pi
en

ts
Po

st
-T

x
se

ru
m

Tr
p

an
d

K
yn

3
w

ee
ks

po
st

-T
x

D
G

F:
Tr

p
↓,

K
yn
↑;

SC
r:

Tr
p
↓,

K
yn
↔

Tr
p
↔

,b
ut
↓i

ff
ai

le
d

A
R

tr
ea

tm
en

to
r

co
nc

om
it

an
t

in
fe

ct
io

n;
K

yn
↑

C
M

V,
EB

V,
pn

eu
m

on
ia

,U
T

I:
Tr

p
↓,

K
yn
↑

n.
d.

Br
an

da
ch

er
et

al
.

[1
41

],
20

07
Pr

os
pe

ct
iv

e
43

ki
dn

ey
Tx

re
ci

pi
en

ts

Se
ru

m
an

d
ur

in
e

Tr
p

an
d

K
yn

1,
8,

15
an

d
21

da
ys

po
st

-T
x

an
d

at
th

e
ti

m
e

of
A

R

3
w

ee
ks

po
st

-T
x

n.
d.

Se
ru

m
Tr

p
↓,

K
yn
↑,

K
yn

/T
rp
↓

U
ri

ne
K

yn
/T

rp
↓

H
.s

im
pl

ex
(n

=
4)

,
U

T
I(

n
=

1)
,s

ep
si

s
(n

=
1)

:s
er

um
Tr

p
↔

,
K

yn
↔

,K
yn

/T
rp
↔

n.
d.

La
hd

ou
et

al
.

[1
40

],
20

10
R

et
ro

sp
ec

ti
ve

21
0

fir
st

ki
dn

ey
Tx

re
ci

pi
en

ts

Pr
e-

Tx
pl

as
m

a
Tr

p,
K

yn
,

po
st

-T
x

pl
as

m
a

Tr
p,

K
yn

,
K

yn
/T

rp
*a

va
ila

bl
e

fo
r

10
A

R
+

pa
ti

en
ts

(m
ed

ia
n

7
da

ys
po

st
-T

x)
an

d
24

A
R

-
pa

ti
en

ts
(m

ed
ia

n
11

da
ys

po
st

-T
x)

6
m

on
th

s
po

st
-T

x
n.

d.

Pr
e-

Tx
Tr

p
↑(

se
ns

.6
1%

,
sp

ec
.7

1%
),

K
yn
↑(

se
ns

.
64

%
,s

pe
c.

71
%

);
Po

st
-T

x
Tr

p
↔

,K
yn
↑(

se
ns

.8
0%

,
sp

ec
.7

9%
),

K
yn

/T
rp
↑

(s
en

s.
70

%
,s

pe
c.

79
%

)

n.
d.

n.
d.

K
ad

en
et

al
.

[1
44

],
20

15
R

et
ro

sp
ec

ti
ve

35
5

ki
dn

ey
Tx

re
ci

pi
en

ts
Po

st
-T

x
se

ru
m

K
yn

3
w

ee
ks

po
st

-T
x

D
G

F
an

d
PN

F:
sl

ow
ed

de
cr

ea
se

or
in

cr
ea

se
of

se
ru

m
K

yn

K
yn
↑(

le
ve

lo
fi

nc
re

as
e

st
ro

ng
ly

de
pe

nd
s

on
A

R
se

ve
ri

ty
in

no
n-

di
al

yz
ed

pa
ti

en
ts

)

C
M

V
:K

yn
↑

Pn
eu

m
on

ia
:K

yn
↑

Se
ps

is
:K

yn
↑

n.
d.

V
av

ri
nc

ov
a-

Ya
gh

ie
ta

l.
[1

45
],

20
15

Pr
os

pe
ct

iv
e

48
ki

dn
ey

Tx
re

ci
pi

en
ts

Se
ru

m
an

d
ur

in
e

Tr
p,

K
yn

,
K

yn
/T

rp
at

2
w

ee
ks

,6
m

on
th

s
an

d
2

ye
ar

s
po

st
-T

x
24

m
on

th
s

SC
r

at
2

ye
ar

s:
se

ru
m

K
yn

/T
rp

at
6

m
on

th
s↑

;
K

yn
at

6
m

on
th

s↑
(A

U
C

0.
76

);
C

rC
la

t2
ye

ar
s:

ur
in

e
Tr

p
at

2
w

ee
ks
↓(

A
U

C
0.

44
).

A
lb

um
in

ur
ia

at
2

ye
ar

s:
U

ri
ne

Tr
p
↓;

K
yn
↑a

t
2

w
ee

ks
,K

yn
/T

rp
↑a

t
6

m
on

th
s

n.
d.

n.
d.

n.
d.

K
im

et
al

.[
14

6]
,

20
19

C
ro

ss
-

se
ct

io
na

l
38

5
ki

dn
ey

Tx
re

ci
pi

en
ts

U
ri

ne
m

et
ab

ol
om

ic
an

al
ys

is
(L

C
-M

S)
n.

d.
n.

d.

TC
M

R
:T

rp
↓;

Pa
ne

lo
f5

to
p

m
et

ab
ol

ite
s,

in
cl

ud
in

g
Tr

p
sh

ow
ed

A
U

C
0.

92
6,

ac
c.

87
.0

%
(t

ra
in

in
g

se
t)

an
d

62
.5

%
(v

al
id

at
io

n
se

t)

n.
d.

n.
d.

115



In
t.

J.
M

ol
.S

ci
.2

02
1,

22
,1

92
1

Ta
bl

e
3.

C
on

t.

R
ef

er
en

ce
St

ud
y

D
es

ig
n

Po
pu

la
ti

on
M

ea
su

re
m

en
t

Fo
ll

ow
-U

p
O

ut
co

m
e

A
ss

oc
ia

ti
on

G
ra

ft
Fu

nc
ti

on
A

R
In

fe
ct

io
n

R
ec

ip
ie

nt
M

or
ta

li
ty

Bl
yd

t-
H

an
se

n
et

al
.[

14
7]

,2
01

4
C

ro
ss

-
se

ct
io

na
l

27
7

bi
op

sy
-p

ai
re

d
ur

in
e

sa
m

pl
es

fr
om

57
pe

di
at

ri
c

ki
dn

ey
Tx

re
ci

pi
en

ts

U
ri

ne
m

et
ab

ol
om

ic
an

al
ys

is
(L

C
-M

S)
n.

d.
n.

d.

TC
M

R
:K

yn
↑;

T
M

C
R

di
sc

ri
m

in
an

ts
co

re
of

10
to

p
m

et
ab

ol
ite

s,
in

cl
ud

in
g

K
yn

sh
ow

ed
A

U
C

0.
89

2

n.
d.

n.
d.

D
ha

rn
id

ha
rk

a
et

al
.[

14
8]

,2
01

3
Pr

os
pe

ct
iv

e
29

pe
di

at
ri

c
ki

dn
ey

Tx
re

ci
pi

en
ts

Se
ru

m
an

d
ur

in
e

Tr
p,

K
yn

,
K

yn
/T

rp
12

m
on

th
s

af
te

r
Tx

n.
d.

A
R

w
it

hi
n

th
e

ne
xt

30
da

ys
fr

om
th

e
te

st
:

se
ru

m
K

yn
/T

rp
↑;

ur
in

e
K

yn
/T

rp
↔

;s
er

um
an

d
ur

in
e

Tr
p

an
d

K
yn
↔

M
IE

(C
M

V,
EB

V,
BK

V,
T

x
py

el
on

ep
hr

it
is

,f
ev

er
w

it
h

ba
ct

er
ie

m
ia

):
se

ru
m

an
d

ur
in

e
K

yn
/T

rp
↔

;s
er

um
an

d
ur

in
e

Tr
p

an
d

K
yn
↔

n.
d.

Z
ha

o
et

al
.[

14
9]

,
20

14
C

ro
ss

-
se

ct
io

na
l

27
pr

im
ar

y
ki

dn
ey

Tx
re

ci
pi

en
ts

Se
ru

m
m

et
ab

ol
om

ic
s

an
al

ys
is

(L
C

-M
S)

pr
e-

Tx
an

d
7

da
ys

po
st

-T
x

n.
d.

n.
d.

In
no

n-
re

je
ct

in
g

pa
ti

en
ts

:
Tr

p
↓;

K
yn
↑;

K
yn

/T
rp
↑

n.
d.

n.
d.

Sa
de

gh
ie

ta
l.

[1
50

],
20

12
C

ro
ss

-
se

ct
io

na
l

86
ki

dn
ey

Tx
re

ci
pi

en
ts

Pl
as

m
a

Tr
p,

K
yn

,Q
ui

n,
K

yn
/T

rp
,Q

ui
n/

Tr
p

n.
d.

n.
d.

n.
d.

C
M

V
:T

rp
↔

;K
yn
↑

(A
U

C
0.

82
),

K
yn

/T
rp
↑(

A
U

C
0.

83
)Q

ui
n↑

(A
U

C
0.

85
),

Q
ui

n/
Tr

p
(s

en
s.

83
%

,s
pe

c.
74

%
)(

co
rr

el
at

e
w

it
h

th
e

se
ve

ri
ty

);
BK

V
:

Tr
p,

K
yn

,Q
ui

n,
K

yn
/T

rp
,

Q
ui

n/
Tr

p
↔

n.
d.

Z
ha

ng
et

al
.

[1
52

],
20

18
R

et
ro

sp
ec

ti
ve

42
ki

dn
ey

Tx
re

ci
pi

en
ts

Pl
as

m
a

m
et

ab
ol

om
ic

s
(2

5
am

in
o

ac
id

s)
an

al
ys

is
(U

H
PL

C
–M

S/
M

S)
n.

d.

A
K

I(
↑o

fS
C

r
of

>
0.

3
m

g/
dL

or
↑≥

50
%

ov
er

ba
se

lin
e)

:T
rp
↓

(A
U

C
0.

78
);

Tr
p+

SD
M

A
↓(

A
U

C
0.

90
1)

n.
d.

n.
d.

n.
d.

Ba
ss

ie
ta

l.
[1

1]
,

20
17

C
ro

ss
-

se
ct

io
na

l

40
ki

dn
ey

Tx
re

ci
pi

en
ts

at
le

as
t6

m
on

th
s

af
te

r
Tx

Ex
vi

vo
(s

er
um

an
d

ur
in

e)
an

d
in

vi
vo

m
et

ab
ol

om
ic

s
(L

C
-M

S/
M

S,
FI

A
-M

S/
M

S
(n

=
40

),
2D

C
O

SY
w

it
h

3D
-i

m
ag

e
tr

an
sf

or
m

at
io

n
(n

=
15

)

n.
d.

G
FR

21
–3

9
m

L/
m

in
:

se
ru

m
Tr

p
↓

n.
d.

n.
d.

n.
d.

116



In
t.

J.
M

ol
.S

ci
.2

02
1,

22
,1

92
1

Ta
bl

e
3.

C
on

t.

R
ef

er
en

ce
St

ud
y

D
es

ig
n

Po
pu

la
ti

on
M

ea
su

re
m

en
t

Fo
ll

ow
-U

p
O

ut
co

m
e

A
ss

oc
ia

ti
on

G
ra

ft
Fu

nc
ti

on
A

R
In

fe
ct

io
n

R
ec

ip
ie

nt
M

or
ta

li
ty

de
V

ri
es

et
al

.
[1

53
],

20
17

Pr
os

pe
ct

iv
e

56
1

st
ab

le
ki

dn
ey

Tx
re

ci
pi

en
ts

w
it

h
fu

nc
tio

ni
ng

gr
af

t
fo

r
at

le
as

t1
ye

ar

Se
ru

m
an

d
ur

in
e

Tr
p,

K
yn

,
3-

H
K

,K
yn

/T
rp

,3
-H

K
/K

yn
M

ed
ia

n
7.

0
[6

.2
–7

.5
]y

ea
rs

G
ra

ft
fa

ilu
re

,S
C

r,
pr

ot
ei

nu
ri

a:
se

ru
m

Tr
p
↓,

K
yn

,3
-H

K
,K

yn
/T

rp
,

3-
H

K
/T

rp
↑;

no
si

gn
ifi

ca
nt

ch
an

ge
s

in
ur

in
e;

G
FR

:s
er

um
Tr

p
↑,

K
yn

,
3-

H
K

,K
yn

/T
rp

,
3-

H
K

/T
rp
↓

n.
d.

n.
d.

Se
ru

m
Tr

p
↔

;K
yn

;
3-

H
K

;K
yn

/T
rp

;
3-

H
K

/K
yn
↑;

no
si

gn
ifi

ca
nt

ch
an

ge
s

in
ur

in
e

M
el

on
ie

ta
l.

[1
54

],
20

09
C

ro
ss

-
se

ct
io

na
l

90
lu

ng
Tx

re
ci

pi
en

ts
Pl

as
m

a
Tr

p,
K

yn
,K

yn
/T

rp
n.

d.
n.

d.
BO

S:
Tr

p
↔

,K
yn
↑,

K
yn

/T
rp
↑

n.
d.

n.
d.

O
w

ei
ra

et
al

.
[1

55
],

20
18

R
et

ro
sp

ec
ti

ve
89

liv
er

Tx
re

ci
pi

en
ts

Pr
e-

Tx
an

d
ea

rl
y

po
st

-T
x

se
ru

m
Tr

p,
K

yn
,

Q
ui

n,
K

Y
N

A
1

ye
ar

EA
D

:p
re

-T
x

K
yn
↑(

A
U

C
0.

64
);

po
st

-T
x

da
y

3
K

yn
↑

(A
U

C
0.

69
);

da
y

5
K

yn
↑

(A
U

C
0.

74
);

da
y

10
K

yn
↑

(A
U

C
0.

77
)

n.
d.

n.
d.

1-
ye

ar
m

or
ta

lit
y:

pr
e-

T
x

K
yn
↑(

A
U

C
0.

77
),

K
Y

N
A
↑(

A
U

C
0.

74
),

Q
ui

n↑
(A

U
C

0.
72

),
Tr

p
↑(

A
U

C
0.

72
);

Po
st

-T
x

da
y

1
K

Y
N

A
↑(

A
U

C
0.

73
);

da
y

5
K

Y
N

A
↑(

A
U

C
0.

71
);

K
yn
↑(

A
U

C
0.

73
).

Pr
e-

T
x

K
yn
↑

as
so

ci
at

ed
w

it
h

1-
ye

ar
m

or
ta

lit
y

in
un

iv
ar

ia
te

an
al

ys
is

Pe
re

ra
et

al
.

[1
56

],
20

14
Pr

os
pe

ct
iv

e
40

liv
er

Tx
re

ci
pi

en
ts

M
et

ab
ol

om
ic

an
al

ys
is

(C
EA

D
)o

fl
iv

er
m

ic
ro

-d
ia

ly
si

s
sa

m
pl

es
:

pr
e-

Tx
(b

en
ch

m
ic

ro
-d

ia
ly

si
s)

an
d

ev
er

y
6

h
fo

r
48

h
po

st
-T

x

7
da

ys
po

st
Tx

PN
F/

IP
F:

pr
e-

Tx
(b

en
ch

)
K

yn
↑;

K
yn
↑i

n
D

C
D

vs
.D

BD
gr

af
ts

at
th

e
en

d
of

co
ld

is
ch

em
ia

n.
d.

n.
d.

n.
d.

A
bb

re
vi

at
io

ns
:↑

:p
os

iti
ve

as
so

ci
at

io
n,
↓:

ne
ga

tiv
e

as
so

ci
at

io
n,
↔

:n
o

as
so

ci
at

io
n,

n.
d.

:n
o

da
ta

,s
en

s.
:s

en
si

tiv
ity

,s
pe

c.
:s

pe
ci

fic
ity

,a
cc

.:
ac

cu
ra

cy
,A

U
C

:a
re

a
un

de
r

th
e

cu
rv

e,
Tx

:t
ra

ns
pl

an
ta

tio
n,

Tr
p:

tr
yp

to
ph

an
,

K
yn

:k
yn

ur
en

in
e,

Q
ui

n:
qu

in
ol

in
ic

ac
id

,K
Y

N
A

:k
yn

ur
en

ic
ac

id
,S

D
M

A
:s

ym
m

et
ri

c
di

m
et

hy
la

rg
in

in
e,

LC
-M

S:
liq

ui
d

ch
ro

m
at

og
ra

ph
y-

ta
nd

em
m

as
s

sp
ec

tr
om

et
ry

,U
H

PL
C

–M
S/

M
S:

ul
tr

a-
hi

gh
pe

rf
or

m
an

ce
liq

ui
d

ch
ro

m
at

og
ra

ph
y-

ta
nd

em
m

as
s

sp
ec

tr
om

et
ry

,F
IA

-M
S/

M
S:

fl
ow

in
je

ct
io

n
an

al
ys

is
-t

an
d

em
m

as
s

sp
ec

tr
om

et
ry

,2
D

C
O

SY
:t

w
o-

d
im

en
si

on
al

co
rr

el
at

ed
sp

ec
tr

os
co

py
,C

E
A

D
:c

ou
lo

m
et

ri
c

el
ec

tr
oc

he
m

ic
al

ar
ra

y
de

te
ct

io
n,

D
G

F:
de

la
ye

d
gr

af
tf

un
ct

io
n,

PN
F:

pr
im

ar
y

no
nf

un
ct

io
n,

EA
D

:e
ar

ly
al

lo
gr

af
td

ys
fu

nc
ti

on
,I

PF
:i

ni
ti

al
po

or
fu

nc
ti

on
,S

C
r:

se
ru

m
cr

ea
ti

ni
ne

,G
FR

:g
lo

m
er

ul
ar

fil
tr

at
io

n
ra

te
,C

rC
l:

cr
ea

ti
ni

ne
cl

ea
ra

nc
e,

A
R

:a
cu

te
re

je
ct

io
n,

T
C

M
R

:T
-c

el
l-

m
ed

ia
te

d
re

je
ct

io
n,

B
O

S:
br

on
ch

io
lit

is
ob

lit
er

an
s

sy
nd

ro
m

e,
M

IE
:m

aj
or

in
fe

ct
io

n
ev

en
t,

U
T

I:
ur

in
ar

y
tr

ac
ti

nf
ec

ti
on

,C
M

V
:c

yt
om

eg
al

ov
ir

us
,E

B
V

:E
bs

te
in

B
ar

r
vi

ru
s,

D
C

D
:

do
na

ti
on

af
te

r
ci

rc
ul

at
or

y
de

at
h,

D
BD

:d
on

at
io

n
af

te
r

br
ai

n-
st

em
de

at
h

an
d

BK
V

:B
K

vi
ru

s.

117



Int. J. Mol. Sci. 2021, 22, 1921

6. Conclusions

It seems that the tryptophan metabolism via the kynurenine pathway may have
multiple clinical effects in solid organ Tx, depending on the timepoint and the dominant
pathophysiological mechanism (IRI or immune response against allograft), as well as the
prevalent enzymes and metabolites of this metabolic pathway. However, this evidence
grants some interesting insights into therapeutic possibilities by offering several attrac-
tive pharmacological and/or genetic modification targets, probably paving the way for
protection from deleterious pathological effects in solid organ Tx and the improvement
of short- and long-term outcomes. Moreover, metabolites of the tryptophan-kynurenine
pathway may potentially serve as diagnostic and prognostic tools that allow improving
and personalizing the care of transplanted patients. Further studies investigating this topic
and answering the remaining questions are crucial.
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Abstract: Urine autofluorescence at 295 nm is significantly higher in patients with malignant
melanoma at each clinical stage compared to the healthy group. The largest difference is in the
early-stages and without metastases. With increasing stage, the autofluorescence at 295 nm decreases.
There is also a significant negative correlation between autofluorescence and Clark classification.
Based on our results, it is assumed that the way malignant melanoma grows also affects urinary
autofluorescence.

Keywords: malignant melanoma; urine; autofluorescence

1. Introduction

Human urine is a complex biological fluid containing a variety of both endogenous
and exogenous chemical compounds excreted by the body. The optical properties of the
biological system obtained by fluorescence analysis reflect some of the physicochemical
properties of the metabolites. Urine is a multicomponent mixture of different fluorophores
and nonfluorescent metabolites [1–4].

In modern medicine, the use of urine as one of the biological fluids is very widespread
because it does not require invasive sampling. Under physiological conditions, the range of
urine output is 800 to 2000 mL per day, providing a sufficient amount of urine for sampling.
There are more than 1700 metabolites identified and quantified in the human urine, and
other almost 3000 expected or identified, but not quantified metabolites, listed in the Urine
Metabolome Database with their structures and links to their known health and disease
associations [4]. Urine analysis is advantageous over other biological matrices because
the metabolites present, mostly those representing the final breakdown products of foods
and beverages, technological additives, drugs, environmental contaminants, and even
endogenous waste metabolites and bacterial byproducts, are more stable in the urine. Urine
requires minimal pretreatment of the sample and reflect the physiological/pathological
state of the biological system [5].

In recent years, progress has been made in the use of fluorescence spectroscopic
techniques for the diagnosis of selected oncological diseases, such as ovarian cancer [2,6,7],
pancreatic cancer [8], breast cancer [9,10], bladder cancer [11].

The incidence of skin cancer—melanoma—is increasing worldwide, and it represents
3% of all skin cancers but 65% of skin cancer deaths [12]. Melanoma is currently the
fifth and sixth most common solid malignancy diagnosed both in men and women [13].
Malignant melanoma is a neoplasm derived from specialized melanin-producing cells
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called melanocytes or cells that develop from melanocytes. Melanoma spreads through
the lymphatic system and blood and can therefore metastasize to any organ in the body.
For this reason, early detection is very important. Malignant melanoma is a tumor with a
high production of melanin. Precursors of melanin and their metabolites play an important
role in melanogenesis, but in a broader sense, melanogenesis also refers to the process of
melanosome formation and transfer to the keratinocytes. While melanins are polymers,
the whole process of their synthesis, storage and transport takes place in the organelles
called melanosomes. Before generating a sufficient amount of melanins to be seen by light
microscopy, the melanosomes are known as pre-melanosomes.

Melanins are synthesized from the precursor amino acid L-tyrosine. It is hydroxylated
by tyrosinase in the presence of dioxygen to L-dihydroxyphenylalanine (L-DOPA) and con-
sequently to dopaquinone (melanogenic pathway, Raper–Mason pathway). In the following
step, dopaquinone is metabolized to dopachrome by rapid cyclization. Dopachrome can
be decarboxylated to 5,6-dihydroxyindole (DHI) or tautomerized to 5,6-dihydroxyindole-2-
carboxylic acid (DHICA). Intermediates DHI and DHICA are oxidized to form eumelanin,
with brown and black subtype [14].

Red-orange pheomelanins are synthesized after conjugation with cysteine and the
subsequent oxidation of the intermediate. Neuromelanin, which has an approved role in
aging and in the development of Parkinson’s disease, can be formed both from eumelanin
and from pheomelanin intermediates in dopamine and norepinephrine neurons [15].

Some studies have shown that, in addition to tyrosine, tryptophan and some of its
metabolites are also involved in melanin biosynthesis [16–18]. Serotonin and its metabolite
5-hydroxyindole-3-acetic acid (5-HIAA) occurring in urine act as specific tumor mark-
ers, and increased production of 5-HIAA have been documented in human epidermal
keratinocytes and melanoma cells [17].

Many of these metabolites have native fluorescent properties and are part of biological
samples such as tissue, blood, and urine. Metabolism of cancerous tissues differs from
healthy ones, which also affects the composition of natural fluorophores in body biofluids.

The use of urinary fluorescence analysis offers the possibility to detect urinary metabo-
lites potentially associated with the neoplastic process, which could provide a new direction
in the current search for predictive and prognostic markers [2,11,19,20]. In our previous
studies, we have confirmed the role of fluorescence spectroscopy as a useful diagnostic tool
with high-efficiency in ovarian cancer [7] as well as the feasibility of synovial fluid fluores-
cence fingerprinting to identify disease-specific profiles of synovial fluid metabolites [21].

In this study, we focused on the analysis of changes in urine autofluorescence from
patients with malignant melanoma in comparison to healthy subjects as a tool of non-
invasive melanoma detection.

2. Results
2.1. Fluorescence Measurements in Control and Malignant Melanoma Group

Statistically significant differences were found in two wide spectral regions at region
254–348 nm (with the most significant difference at 289–302 nm, p = 8.4 × 10−13) and at
region 451–470 nm (with the most significant difference at 455–458 nm, p = 0.025) (Figure 1,
Table 1, Figure 2).

2.2. Confrontation of Fluorescence Analysis and Histological Findings in Malignant Melanoma
Group

In the subsequent analysis, we focused mainly on the area around the wavelength
295 nm, as in this region was found the most significant difference between the control and
melanoma group (p = 8.4 × 10−13).
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350 492.9 ± 128.5 527.5 ± 175.9 0.098 

375 417.4 ± 169.2 440.8 ± 201.3 0.35 

400 216.1 ± 95.7 215.0 ± 68.8 0.92 

425 132.1 ± 53.0 121.8 ± 42.2 0.11 

450 94.7 ± 37.8 86.7 ± 24.7 0.059 
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Figure 1. Average fluorescence profiles of urine in the control group and whole malignant melanoma
group. Rectangles indicate wavelength areas with significant differences; arrows indicate wave-
lengths with the largest statistical difference.

Table 1. Comparison of fluorescence intensity at various wavelengths through whole measured
spectrum (in 25 nm steps) in healthy and control group. For evaluation of differences, Student’s t-test
was used. Values of fluorescence intensity are expressed as mean ± SD.

λ (nm)
Group p-Value of Student’s

t-TestControl Malignant Melanoma

250 9.8 ± 2.6 9.6 ± 5.1 0.74

275 171.4 ± 51.2 199.7 ± 68.8 0.00069

300 134.8 ± 40.7 204.4 ± 85.7 3.5 × 10−12

325 228.1 ± 78.9 273.1 ± 146.2 0.0056

350 492.9 ± 128.5 527.5 ± 175.9 0.098

375 417.4 ± 169.2 440.8 ± 201.3 0.35

400 216.1 ± 95.7 215.0 ± 68.8 0.92

425 132.1 ± 53.0 121.8 ± 42.2 0.11

450 94.7 ± 37.8 86.7 ± 24.7 0.059

475 220.6 ± 134.5 187.4 ± 117.1 0.052

500 85.0 ± 64.4 74.5 ± 41.6 0.14

525 14.9 ± 8.7 17.0 ± 12.3 0.15

550 9.4 ± 15.3 8.2 ± 4.2 0.42

When analyzing according to the type of the malignant melanoma, there were strong
significant differences between control group and nodular-type malignant melanoma group
(N = 26; p = 1.64 × 10−6), superficial-spreading-type group (N = 54; p = 5.63 × 10−8), and
weak difference in melanoma in situ group (N = 6; p = 0.01), but not between control group
and acral lentiginous malignant melanoma and lentigo maligna group (N = 7; p = 0.077) or
nevoid melanoma (N = 3; p = 0.1; Table 2, Figure 3).
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Figure 2. Fluorescence intensities of the control and malignant melanoma groups at 295 nm and
455 nm. Statistically significant differences are related to the control group. Values are expressed as
mean ± SD. * indicates p < 0.05 and *** indicates p < 0.001.

Table 2. Statistical analysis of types of malignant melanoma compared to the control group. For evaluation of differences,
Student’s t-test was used. Values of fluorescence intensity are expressed as mean ± SD.

Control Nodular Type
Superficial
Spreading

Type

Acral
Lentiginous
Melanoma +

Lentigo
Maligna

Melanoma In
Situ Nevoid Type

N 119 26 54 7 6 3

Fluorescence
intensity

Mean ± SD
127.9 ± 31.0 164.3 ± 40.6 199.5 ± 82.1 181.5 ± 65.9 208.9 ± 58.7 154.3 ± 29.8

t-test 1 × 10−5 5.6 × 10−8 0.077 0.011 0.097
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Figure 3. Fluorescence intensity in different types of malignant melanoma. NMM—nodular type ma-
lignant melanoma, SMM—superficial spreading-type melanoma, ALM—acral lentiginous malignant
melanoma and lentigo maligna group, MIS—melanoma in situ, NM—nevoid melanoma. Statistically
significant differences are related to the control group. Values are expressed as mean ± SD. * indicates
p < 0.05 and *** indicates p < 0.001.

Within the melanoma group, there were found significant differences between fluores-
cence intensity in nodular-type malignant melanoma group and superficial-spreading-type
melanoma (p = 0.037), and nodular-type malignant melanoma group and melanoma in
situ (p = 0.016). There was not a significant difference (p = 0.52) in fluorescence intensity of
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melanoma group at 295 nm between those who had in the histological finding of ulceration
or not, nor those with positive or negative HMB-45 and MelanA marker. MelanA and
HMB-45 are commonly determined differentiation antigens in malignant melanoma, and
their loss is relatively common, especially in progressive disease with metastatic lesions.
When evaluating the effect of metastases on fluorescence analysis, it shows a significant
difference (p = 0.013) in fluorescence intensity at 295 nm between those with (N = 34,
169.2 ± 94.1) or without (N = 71, 201.8 ± 83.1) metastases (Figure 4).
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Figure 4. Fluorescence intensity in patients with malignant melanoma with (MTS+) or without
metastases (MTS-) compared to the control. Statistically significant difference is between MTS+ and
MTS- group. Values are expressed as mean ± SD. * indicates p < 0.05.

Analysis of clinical stage relation to fluorescence shows significant difference between
fluorescence at 295 nm of the control group and particular stage (0-IV), but with different
significance (0–IV: p = 0.013, 0.000014, 0.000033, 0.0002 and 0.026, respectively, Figure 5).
The highest fluorescence intensity was at stage 0 (N = 6, 218.1 ± 58.4) and decreases
with increasing clinical stage (I: N = 42, 201.2 ± 95.5, II: N = 24, 179.4 ± 47.2, III: N = 23,
173.2 ± 48.3, IV: N = 10, 173.0 ± 53.4).
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A significant negative correlation was found (r = −0.20, p = 0.041) between fluorescence
intensity and clinical stage. There was also a significant negative correlation of fluorescence
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intensity (r = −0.23, p = 0.027) with Clark level of invasion (Figure 6), but not with Breslow
thickness (r = −0.14, p = 0.177, Figure 7).
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3. Discussion

Malignant melanoma is a type of cancer with high metastatic potential, and early
detection is crucial for the later assessment of prognosis and survival of patients. In our
study, we have found that the urine of patients with malignant melanoma has higher
fluorescence at a wide range of wavelengths, with the most significant difference at 295 nm,
and the early-stages have higher fluorescence than the later ones. There exists very little
information on the use of native fluorescence in malignant melanoma. In vivo diagnostics
of skin, lesions have been published only a few times in the past. Chwirot et al. [22]
tested the sensitivity of fluorescence detection of melanoma compared to other pigmented
lesions. The tested wavelengths showed at ex/em 366/475 nm 82.7% sensitivity and 59.9%
specificity. The authors concluded that the origin of the observed autofluorescence is
not fully understood, and a plausible hypothesis may be that the spatial distributions of
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the autofluorescence observed for the skin (suggested fluorophores could be collagen in
combination with elastin and desmosine or keratin) surrounding the pigmented lesions
may result from responses of the host cells reacting to the presence of the lesions. In 2006,
Borisova reported the high distinguishing potential of a fluorescence signal measured from
skin lesions in vivo by a fiber-optic spectrophotometer. The most significant difference was
found at similar wavelengths ex/em 337/480–490 nm, and the author reported a possible
distinction between benign nevi and malignant melanoma [23]. The lower fluorescence of
the reported area was interpreted by the author as a consequence of the hypervasculariza-
tion of malignant neoplasia and thus the hemoglobin quenching effect. Lower fluorescence
around 450 nm in melanoma patient’s urine was also detected in this study, but we can
exclude the effect of hemoglobin, as the urine samples were checked on the presence of the
blood using strip tests and were blood negative. On the other hand, in vivo diagnostics
of pigmented lesions can also be dangerous, especially upon excitation of the light in the
UV area [24,25]. It appears to be a safer out-of-body autofluorescence examination or
measurement of the biological fluids. Recently, was published a paper in which the authors
focused on the measurement of analysis of the urine in malignant melanoma patients
after removing NADH fluorescence by glutathione reductase derivation, and some results
are also related to underived urine autofluorescence [26]. They focused on the range of
300–500 nm and described significantly lower emission at 460 nm in melanoma patients
compared to the control group. The lower fluorescence emission at 460 nm in underived
urines of melanoma patients correlates with our lower fluorescence at 450 nm, which differs
slightly from the control group. An additional common finding of the compared study is
that there was no difference in urine fluorescence in MelanA positive or negative patients,
but when comparing positive or negative ulceration, there was a difference, which is not in
correlation with the result of our study with p = 0.76. The divergence in this result probably
stems from the fact that the study of Špaková et al. recruited 56 people (46 melanoma
patients and 10 controls), while our study included more than 220 people (105 melanoma
patients and 119 controls).

In this study, we focused more on the wavelength at 295 nm as there was a very signifi-
cant difference between the healthy control group and the melanoma group (p = 8.4 × 10−13).
Fluorescence is higher in all clinical stages of malignant melanoma, but the difference at
early stages, even in the in situ stages of melanoma, with a Breslow thickness equal to zero,
is very interesting. The clinical stage correlates slightly negatively with fluorescence, and
this is also in agreement with a larger difference compared to the control group and patients
without metastases than with metastases. The Breslow thickness is not related, but the
Clark invasion is related to fluorescence, again with a negative correlation. Based on results,
the type of malignant melanoma also plays a role in influencing fluorescence, but regardless
of the positivity or negativity of the markers Melan A and HMB-45. The fluorescence area
around 295 nm is typical for the fluorescence of proteins and is close to the fluorescence of
amino acids tryptophan and phenylalanine and their metabolites and derivatives [27,28].
Malignant melanoma is associated with many molecules that could hypothetically fluoresce
in this area. Recently, Belter et al. reported a list of potential biochemical serum markers
that could be useful in diagnosing or assessing the prognosis of melanoma cancer patients.
Among these markers are large molecules such as many proteins with functions such as
enzymes, antigens, growth factors, inflammatory markers, e.g., lactate dehydrogenase, ty-
rosinase, cyclooxygenase 2, many matrix metalloproteinases, indoleamine-2,3-dioxygenase,
tissue inhibitor of metalloproteinase, vascular endothelial growth factor, osteopontin, C-
reactive protein, etc. [29], but also small molecules that are precursors of eumelanin and
pheomelanin, such as 5-S cysteinyldopa, 6-hydroxy-5-methoxyindole-2-carboxylic acid, 5,6-
dihydroxyindole, 5,6-dihydroxyindole-2-carboxylic acid [30,31]. Other melanoma-related
derivatives of amino acids phenylalanine and tryptophan are also described, such as vanil-
mandelic acid, homovanilic acid, 5-hydroxyindole-3-acetic acid and indoxyl sulfate [18].
Many of these mentioned small molecules fluoresce naturally and are also present in
urine. The amino acids phenylalanine and tryptophan and their metabolites have similar
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fluorescent properties in the characteristic fluorescence zone of 250–350 nm. The major
fluorophore in this fluorescent area is tryptophan, and its derivative, indoxyl sulfate, is
also present. Tryptophan is the most abundant component among the three fluorescent
amino acid components of proteins. The contribution of phenylalanine to the intrinsic
fluorescence of the protein is negligible due to its low absorption and very low quantum
yield. Tyrosine has a quantum yield similar to tryptophan, but the tryptophan indole
group is considered to be the dominant source of UV absorption at 280 nm and emis-
sion at 350 nm in proteins [32]. It is also possible that some proteins can contribute to
increased fluorescence at 295 nm. The already mentioned amino acids and many of their
metabolites with fluorescent characteristics are naturally present in the urine, and their
presence is associated with several different diseases [3,7,20,33]. Matrix metalloproteinases
are present in the urine in some cancer types, and their combination is cancer-specific [34];
some are specific for melanoma [35]. Based on our ongoing research, we believe that the
increased urine fluorescence at 295 nm is related to the increased tryptophan concentration,
which can be derived from free tryptophan as well as from tryptophan-rich protein degra-
dation. This unpublished research pointed to a significant positive correlation between
urinary tryptophan concentration and fluorescence at 295 nm (r = 0.24, p = 0.041; data not
published).

4. Materials and Methods
4.1. Composition of the Study Group

The study group consisted of 105 patients with malignant melanoma with clinical
stage 0 to IV; average age 56 ± 15.47 years; 52 men (49.5%) and 53 women (50.5%). The
Control group consisted of 119 healthy controls (average age 40.4 ± 11 years; 75 men (63%)
and 44 women (27%). Patients were recruited during hospitalization at the Department
of Plastic and Reconstructive Surgery UPJŠ LF in Košice. The diagnosis of malignant
melanoma was confirmed histologically, and the melanoma staging was based on the
eighth edition of the American Joint Committee on Cancer (AJCC) staging system [36]
that uses the following key information for assigning Tumor-Node-Metastasis (TNM)
classifications: Breslow thickness of the tumor, ulceration presence, depth invasion by
Clark scale and the presence of nodal or distant metastases. The healthy control group was
chosen by random assignment, with the following criteria: the absence of any oncological
disease, negative oncological family anamnesis and any serious disease (Table 3).

Table 3. Descriptive statistics of the study group.

N
Age in Years

Minimum Maximum Mean

Healthy Control 119 22 65 40.4 ± 11

Malignant Melanoma 105 17 87 56.0 ± 15.5

Clinical Stage 0 6 17 64 45.2 ± 20.2

Clinical Stage I 42 17 87 52.7 ± 17.6

Clinical Stage II 24 43 81 59.5 ± 11.1

Clinical Stage III 23 29 85 59.7 ± 14.0

Clinical Stage IV 10 34 78 58.1 ± 13.3
Written informed consent was obtained from all patients prior to sample collection. All clinical investigations were
conducted in accordance with the Declaration of Helsinki, and the study was approved by the Ethics Committee
of the University of P. J. Šafárik in Košice, Medical Faculty (20 N/2016).

The study participants were not following any special diet and were asked not to take
vitamin supplements prior to urine collection. Other medicaments and drugs prescribed
by the general practitioner were retained. The use of drugs by probands was sporadic and
statistically unevaluable, so we neglected the effect of the drugs in the present study.
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4.2. Urine Samples

Urine samples were obtained from patients with malignant melanoma immediately
following admission to the hospital. Participants of healthy controls were given a morning
appointment and asked to fast at least 8 h before the sample collection. Samples were taken
under standard conditions as first morning urines. Leukocytes, nitrite, pH, specific gravity,
protein, glucose, ketones, urobilinogen, bilirubin, blood were evaluated semiquantitative
using the 10 parameter urine strip test Dekaphan Leuco (Erba Lachema, Brno, Czech
Republic). The average values of the pH and the specific gravity in the healthy control
group were 5.76 ± 0.62, and 1021.5 ± 8.2, respectively. Ketones were detected in 6 members
of the healthy control group, in an amount of 1.5 mmol/L. Leukocytes, nitrite, protein,
glucose, urobilinogen, bilirubin and blood were negative. The result of the listed urine
parameters in the malignant melanoma patients’ group was not significantly different. The
average pH and specific gravity values were 5.82 ± 0.50 and 1015.5 ± 10.5, respectively.
Subsequently, the samples were stored at −27 ◦C. After thawing and centrifugation at
5000 rpm for 10 min at laboratory temperature (Centrifuge Boeco S8, Boeco Germany,
Hamburg, Germany), urine samples were analyzed.

4.3. Instrumentation and Statistical Analysis

The autofluorescence of urine samples was measured at room temperature, using a Lu-
minescence Spectrophotometer PerkinElmer LS55 (PerkinElmer, Waltham, Massachusetts,
USA) in 1 cm quartz cuvettes (Helmut Fischer, Sindelfingen, Germany). From every sample,
we measured 12 synchronous spectra with ∆λ 30 nm in the range 250–550, step 0.5 nm, ex-
citation/emission slits 5/5 nm, and a scan speed of 1200 nm/min. The measurements were
performed, and urine fluorescence profiles were constructed as previously published [2].

Statistical analysis was performed with SPSS Statistics software version 22 (IBM,
Armonk, New York, USA). The F-test was used to assess whether the standard deviations
within the groups differ from each other. A Student’s unpaired t-test was performed to
determine the differences in fluorescence intensity within the control group and various
descriptive parameters in malignant melanoma patients. A Student’s unpaired t-test
was also used to analyze the differences in fluorescence intensities between the types of
malignant melanoma compared to the control group. Pearson’s correlation analysis was
performed to demonstrate the strength and direction of the linear relationship between
fluorescence intensity and clinical stage, Clark scale or Breslow thickness. Statistical
significance was assigned for p-value < 0.05. Values of fluorescence intensity were expressed
as mean ± SD.

5. Conclusions

Fluorescence spectrometry has become a standard tool in many areas of research and
is a universal alternative technique for studies using radioactive labels. A large number of
fluorescence techniques and methods have been developed to study biological processes.
Autofluorescence of biological systems, such as urine, has facilitated the development
and review of several approaches without the necessary labeling. Significantly higher
autofluorescence of the urine at 295 nm in melanoma patients may be useful background
for further studies revealing metabolic changes in malignant melanoma, but may also serve
as a potential diagnostic marker, as the early-stages show even more pronounced changes
in tryptophan-related fluorescence intensity than the later ones.
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Abstract: The metabolism of tryptophan is intimately associated with the differential regulation of
diverse physiological processes, including in the regulation of responses to severe acute respiratory
syndrome, coronavirus-2 (SARS-CoV-2) infection that underpins the COVID-19 pandemic. Two
important products of tryptophan metabolism, viz kynurenine and interleukin (IL)4-inducible1
(IL41)-driven indole 3 pyruvate (I3P), activate the aryl hydrocarbon receptor (AhR), thereby altering
the nature of immune responses to SARS-CoV-2 infection. AhR activation dysregulates the initial pro-
inflammatory cytokines production driven by neutrophils, macrophages, and mast cells, whilst AhR
activation suppresses the endogenous antiviral responses of natural killer cells and CD8+ T cells. Such
immune responses become further dysregulated by the increased and prolonged pro-inflammatory
cytokine suppression of pineal melatonin production coupled to increased gut dysbiosis and gut
permeability. The suppression of pineal melatonin and gut microbiome-derived butyrate, coupled to
an increase in circulating lipopolysaccharide (LPS) further dysregulates the immune response. The
AhR mediates its effects via alterations in the regulation of mitochondrial function in immune cells.
The increased risk of severe/fatal SARS-CoV-2 infection by high risk conditions, such as elderly age,
obesity, and diabetes are mediated by these conditions having expression levels of melatonin, AhR,
butyrate, and LPS that are closer to those driven by SARS-CoV-2 infection. This has a number of
future research and treatment implications, including the utilization of melatonin and nutraceuticals
that inhibit the AhR, including the polyphenols, epigallocatechin gallate (EGCG), and resveratrol.
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1. Introduction

There is a growing appreciation that tryptophan and its metabolites are crucial aspects
of the severe acute respiratory syndrome, coronavirus-2 (SARS-CoV-2) pathophysiology
that has driven the COVID-19 pandemic. SARS-CoV-2 severity and fatality are strongly
driven by advanced age as well as pre-existing co-morbidities, such as obesity and type 2
diabetes (T2D), as well as by stress-associated conditions, including racial discrimination
stress [1]. It is widely accepted that it is alterations in the immune response that drive
an individual’s susceptibility to severe SARS-CoV-2 infection. This is supported by the
World Health Organization (WHO), which recently admitted that their recommended
treatments, viz Remdesivir, Lopinavir, β-interferon (IFN), and Hydroxychloroquine proved
of little utility, whilst treatments more directly targeting the immune response, such as
Dexamethasone, were more beneficial [2].

Tryptophan and its metabolites, including kynurenine and indole-3-pyruvate (I3P),
can be differentially regulated over the course of SARS-CoV-2 infection, which is strongly
determined by the influence of pre-existing high-risk conditions, such as obesity/T2D

137



Int. J. Mol. Sci. 2021, 22, 1597

and ageing, on the immune response [1]. The influence of the tryptophan metabolites,
kynurenine and 13P, are mediated via the activation of the aryl hydrocarbon receptor (AhR).
The AhR can have a number of complex effects, that may be partly ligand-dependent as
well as from the complex interactions of the AhR with metabolic and circadian processes [3].

AhR activation can dysregulate the immune response, contributing to an increase in
the initial pro-inflammatory cytokine wave/storm to SARS-CoV-2. It is the heightened and
prolonged initial ‘cytokine storm’ that underpins SARS-CoV-2 driven severity and fatal-
ity [4]. Increased AhR activation contributes to this heightened and prolonged ‘cytokine
storm’. In the normal course of a viral infection, such initial macrophage, neutrophil, and
mast cell-driven inflammatory processes are eventually superseded by the endogenous
anti-viral cells, especially natural killer (NK) cells and CD8+ T cells [1]. NK cells and CD8+
T cells target and kill viral infected cells by mechanisms similar to how these cells kill
and remove cancer cells. AhR activation on NK cells and CD8+ T cells leads to a state
of ‘exhaustion’, which prevents or suppresses their capacity to eliminate virus-infected
cells or cancer cells [5,6]. Consequently, the differential regulation of tryptophan metabo-
lites to increase AhR ligands, such as kynurenine and I3P, are important determinants of
SARS-CoV-2 infection severity and fatality.

The present article reviews data on the role of tryptophan and tryptophan metabolites
in driving SARS-CoV-2 infection severity via AhR activation in immune cells. The driving
of tryptophan to kynurenine and I3P decreases the availability of tryptophan for serotonin
synthesis. As such, SARS-CoV-2 driven processes are linked to a decrease in serotonin and
serotonin-derived N-acetylserotonin (NAS) and melatonin. The inhibition of the melatoner-
gic pathway may therefore be an intimate aspects of SARS-CoV-2 pathophysiology, which
is proposed to arise from alterations in immune cell metabolism [1] (Figure 1).

2. Tryptophan Metabolites and the Aryl Hydrocarbon Receptor

Although tryptophan is classically associated with being the necessary precursor for
serotonin synthesis, the majority (95%) of the body’s tryptophan is converted to kynurenine
by indoleamine 2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO). An increase
in pro-inflammatory cytokines, including IL-1β, IL-6, IL-18, and tumor necrosis factor
(TNF), but especially IFNγ, increases IDO (and/or TDO in some cells) to further raise
kynurenine levels and suppress serotonin, NAS, and melatonin levels [7]. TDO may also
be increased by stress-associated cortisol and hypothalamus–pituitary–adrenal (HPA) axis
activation [8]. As such, many medical conditions that are associated with an increase in pro-
inflammatory cytokine or stress-induced dysregulation of the HPA axis will have increased
IDO/kynurenine/AhR activation as an aspect of their pathophysiology, as evident in
cancers [9], Alzheimer’s disease [10], depression [11], and arthritis [12], as well as in many
other medical conditions. Consequently, the ‘cytokine storm’ that occurs to many viral
infections, including influenza and SARS-CoV-2, will be associated with the induction
of IDO/TDO/kynurenine/AhR activation and therefore wills alterations in the immune
response and decreases in the serotonergic and melatonergic pathway. This is supported by
data showing circulating kynurenine to be significantly increased in SARS-CoV-2 infection,
in correlation with levels of severity [13].

However, there is another route whereby alterations in tryptophan metabolism may
induce ligands that activate the AhR. Many bacterial and viral infections have been shown
to increase interleukin-4-induced 1 (IL4I1), especially in macrophages [14,15], with IL4I1
leading to the induction of other AhR ligands, especially via I3P production. This would
suggest that SARS-CoV-2 infection may be mediating some of its effects via the upreg-
ulation of IDO/kynurenine-independent AhR ligands. This is given some support by
data showing that SARS-CoV-2 can increases AhR activation in an IDO-independent man-
ner [16]. IL4I1 can be upregulated by a number of other immune cells, including dendritic
cells, CD4+ T cells γδ (γδT-cells), and B-lymphocytes [17,18], although to a lesser extent
than in macrophages. The IL4I1 induction in macrophages does not seem to have any
suppressive impact on macrophage activation [17]. Rather, the effects of macrophage and
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dendritic cell IL4I1 and I3P induction are on the regulation of T and B lymphocytes [19],
especially the suppression of CD3+, CD4+, and CD8+ T cells [18]. To date, there is no data
on IL4I1 and I3P effects on NK cells, although it is clear that AhR activation is the major
driver of ‘exhaustion’ and suppression of NK cells in the tumor microenvironment [3,6].

I3P and some of its derivates activate the AhR [20,21]. I3P can also generate indole-3-
acetaldehyde (I3A), another AhR ligand, with both I3P and I3A being able to rearrange to
the classical endogenous AhR ligand, 6-formylindolo(3,2-b)carbazole (FICZ), as well as the
FICZ oxidation product, indolo(3,2-b)carbazole-6-carboxylic acid (CICZ) [22]. As such, the
tryptophan metabolite pathway may be a rich source for AhR ligands that will be variably
induced under different cellular conditions. It is also of note that the gut microbiome is an
important source of I3P and I3A, with AhR activation in the gut being important to the
maintenance of the gut barrier [23]. Future research will have to clarify as to whether I3P
and/or its metabolites are AhR agonists.

3. Aryl Hydrocarbon Receptor

Classically, the humans AhR has been thought to function as a xenobiotic chemical
sensor, and may still be referred to as the dioxin receptor. AhR activation aromatic (aryl)
hydrocarbons is how the AhR derived its name. The AhR mediates many of its diverse and
important effects via AhR activation induction of cytochrome P450 (CYP) metabolizing
enzymes, including CYP1A, CYP1B1, and CYP1A2. CYP1A1 is important in the metabolism
and regulation of estradiol, and therefore, in hormonal regulation, whilst CYP1B1 can
O-demethylate melatonin to its immediate precursor, NAS, thereby driving alterations in
the NAS/melatonin ratio, with some dramatic and contrasting consequences [24].

The AhR can be activated by a growing array of endogenous (e.g., FICZ), induced
(e.g., kynurenine), and exogenous (e.g., air pollutants) ligands, highlighting its frequent
involvement under a wide array of diverse circumstances. The AhR is highly expressed
in the placenta and immune cells, with a wide array of diverse developmental effects. As
indicated by AhR activation maintaining the gut barrier under challenge [23], the AhR
has many beneficial effects, as well as detrimental effects when the production of AhR
ligands becomes dysregulated. AhR activation leads to the induction of its own repressor,
the AhR repressor (AHRR). The AhR is also differentially expressed over the circadian
rhythm, indicating its involvement in wider systemic processes. It should also be noted
that the AhR can be expressed in the mitochondrial membrane, although any direct effects
on mitochondria regulation are still to be investigated [25].

The AhR is classified as one of a group of ‘basic helix-loop-helix’ transcription factors.
Typically, the AhR is bound to, and inactivated by, a variety of chaperones in the cytoplasm.
Upon ligand-binding, the AhR dissociates from these chaperones and nuclear translocates.
In the nucleus, the AhR dimerizes with the AhR nuclear translocator (ARNT), where upon
it then regulates numerous genes, including those expressing the xenobiotic-responsive
element (XRE).

4. Gut Dysbiosis and Permeability in COVID-19

There is a growing appreciation of the role of the gut microbiome and gut permeability
in the regulation of a host of diverse medical conditions. Such an array of consequences
partly arises from two important process, viz: gut dysbiosis-associated decrease in the
short-chain fatty acid, butyrate; and increased gut permeability-associated transfer of
lipopolysaccharide (LPS) into the circulation. A decrease in butyrate and increase in
circulating LPS has significant impacts on a wide array of cells, especially on the im-
mune response.

Suppressed butyrate levels are evident over the course of SARS-CoV-2 infection [26],
indicating a loss of butyrate’s histone deacetylase (HDAC) inhibitory activity as an aspect
of SARS-CoV-2 infection. As butyrate and HDAC inhibition are important regulators of
the immune response, with butyrate increasing the cytotoxicity and levels of NK cells in
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response to cancers [27], it would seem clear that such alterations in the gut microbiome
short-chain fatty acid production are relevant to SARS-CoV-2 pathophysiology.

Hypertension is one of the high-risk conditions for severe/fatal SARS-CoV-2 infection,
with a decrease in butyrate contributing to alterations in the gut–lung axis that contribute
to hypertension-linked SARS-CoV-2 responses [28]. These authors indicate that butyrate’s
inhibition of the high-mobility group box (HMGB)1 may be a crucial aspect of the pro-
tection afforded by butyrate, with decreased butyrate increasing the risk of SARS-CoV-2
symptom severity in people with hypertension [28]. However, as decreased butyrate
production is an aspect of many medical conditions, including obesity and T2D [29], the
optimization of butyrate production or supplementation with sodium butyrate is likely to
afford protection in many of the high-risk medical conditions associated with increased
SARS-CoV-2 severity/fatality [29]. Butyrate has also been found to increase a number
of genes, which are regarded as anti-viral genes, thereby having wider anti-viral efficacy,
including melatonin [30].

It should also be noted that gut-derived butyrate helps to prevent gut permeability,
with effects that are partly mediated via an increase in mitochondrial function and asso-
ciated induction of the melatonergic pathway [30]. Butyrate, like pineal melatonin, may
ultimately act via the disinhibition of the pyruvate dehydrogenase complex (PDC), leading
to an increased conversion of pyruvate to acetyl-CoA, thereby increasing ATP production
from the tricarboxylic acid (TCA) cycle and oxidative phosphorylation (OXPHOS) as well
as providing acetyl-CoA as a necessary co-factor for the first enzyme in the melatoner-
gic pathway, arylalkylamine N-acetyltransferase (AANAT) [29]. As such, the effects of
butyrate will be modulated by variations in the levels of tryptophan driven to serotonin
production, given that serotonin is a necessary precursor for activation of the melatonergic
pathway. Such effects of butyrate link gut dysbiosis and decreased butyrate production to
gut permeability and increased circulating LPS levels.

By elevating circulating LPS, increased gut permeability modulates the patterning of
the immune response via the activation of toll-like receptor (TLR)4 on different immune
cells. Most viruses make their first host contact with mucosal surfaces, where bacterial
microbials will already be well-established. Consequently, bacteria–virus interactions
are an integral aspect of most viral infections [31]. However, an increase in circulating
LPS, or other TLR4 agonists, such as gut-derived HMGB1 [32], can modulate the immune
response to viral infection, including potentiating influenza virus lethality via effects in
dendritic cells [33].

Clearly, alterations in the gut may act to regulate SARS-CoV-2 infection via variations
in butyrate, LPS, and HMGB1. However, the gut and gut microbiome are also important to
the uptake and metabolism of tryptophan, with the gut also being an important source for
I3P, and therefore for AhR activation. In contrast to the many negative consequences of
AhR activation in SARS-CoV-2 infection and in many other medical conditions, gut AhR
activation helps to seal the gut barrier [23].

Overall, the gut is an important hub for many of the physiological factors and high-
risk medical conditions associated with SARS-CoV-2 severity and fatality. Other factors
known to regulate tryptophan metabolism, immunity, and SARS-CoV-2 infection may be
acting, at least partly, via the gut. One such factor is vitamin D.

5. Vitamin D and COVID-19

A growing body of data shows vitamin D to afford protection against SARS-CoV-2
infection severity and fatality [34,35] ARS-CoV-2 infection outcome [36].

However, not everyone is convinced by the data indicating a role for vitamin D in
SARS-CoV-2 infection severity/fatality [37], especially as lower vitamin D levels may
interact with other non-measured and/or difficult to modify factors, such as age, obesity,
ethnicity [38], and racial discrimination stress [1], in modulating immune responses to
SARS-CoV-2 infection. It is long appreciated that vitamin D upregulates the levels and
cytotoxicity of NK cells [39], with NK cells being important drivers of the endogenous
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anti-viral response to SARS-CoV-2 infection. Low vitamin D levels significantly corre-
late with reduced NK cell numbers and cytotoxicity in ICU and non-ICU SARS-CoV-2
infected patients with pneumonia [40]. Vitamin D also acts to suppress the heightened
pro-inflammatory macrophage and myeloid derived suppressor cell contribution to the
initial ‘cytokine storm’ during SARS-CoV-2 infection [41].

Vitamin D can also regulate mitochondrial function, including mitochondria ROS
production and complexes II and IV, as shown in a variety of different cell types [42]. The
effects of vitamin D on mitochondrial function, mitochondrial ROS, and levels of oxidative
stress have recently been proposed to underpin the utility of vitamin D in the regulation of
the SARS-CoV-2 infection [43]. It is also important to note the vitamin D receptor is also
expressed in mitochondria [44], where it acts to regulate mitochondrial function and ROS
production [45].

Importantly, vitamin D is a significant regulator of tryptophan metabolism. Murine
data shows vitamin D to increase tryptophan hydroxylase (TPH)2, leading to a dramatic in-
crease in neuronal serotonin production, whilst decreasing adipocyte leptin production [46].
Serotonin is a necessary precursor for the melatonergic pathway, and therefore in the regula-
tion of metabolism and immune cell activation/deactivation [47], whilst heightened leptin
levels correlate with SARS-CoV-2 infection severity on overweight patients [48]. As leptin
influences the structural organization of NK cells [49], alterations in the regulation of leptin
may be co-ordinated with wider regulation of the tryptophan/serotonergic/melatonergic
pathway. Vitamin D also increases IDO in dendritic cells, thereby increasing the immune-
suppressive levels of T-regulator (Treg) cells [50]. Alterations in Treg function may be an
important aspect of immune dysregulation to severe SARS-CoV-2 infection [51].

As noted, vitamin D may also act via the gut, with vitamin D suppressing gut dysbiosis
and increasing gut bacteria diversity [52]. Consequently, many of the effects of vitamin D on
immune, mitochondria, epigenetic, and melatonergic pathway regulation may be mediated
via effects in the gut. The prevention of gut permeability by vitamin D [53], may therefore
be mediated via the upregulation of butyrate, whilst butyrate also acts to upregulate
vitamin D receptor signaling [54]. Vitamin D may also suppress pro-inflammatory cytokine
production [55], indicating that it may decrease pro-inflammatory cytokine-induced IDO,
thereby impacting on the kynurenine/tryptophan ratio and inflammation driven AhR
activation. However, as well as in dendritic cells, vitamin D can also upregulate the AhR in
some cells [55]. This requires further investigation in different cell types, particularly as
data in keratinocytes indicate that the hydroxyl-derivative of vitamin D3, the CYP11A1-
derived 20,23(OH)2D3, is an AhR ligand [56]. The effects of vitamin D on AhR activation
may be confounded by data showing that the vitamin D receptor can directly bind to an
everted repeat (ER) 8 motif in the human CYP1A1 promoter [57]. CYP1A1 is typically
used as an indicant of AhR activation, whilst it is CYP1B1 that seems responsible for the
significant effects of AhR activation on mitochondrial and immune function [3]. HDAC
inhibitors, such as butyrate, can suppress CYP11A1 [58], suggesting that variations in
butyrate may act to regulate the induction of CYP11A1-derived 20,23(OH)2D3 and its
activation of the AhR. The effects of butyrate, and other short-chain fatty acids, on CYP1B1
is context and cell dependent [59]. The interactions of the gut microbiome short-chain fatty
acid, butyrate, acetate and propionate, via HDAC inhibition, on AhR-linked inductions
will be important to determine in different cell types.

Such data indicate the complex interactions that vitamin D can have with other
processes relevant to SARS-CoV-2 infection. For example, an increase in stress, including
racial discrimination stress, may increase gut permeability and gut dysbiosis, with any
decrease in butyrate attenuating butyrate’s potentiation of the vitamin D receptor. As such,
as well as directly regulating gut permeability, vitamin D effects will be influenced by other
factors, such as stressors, that increase gut dysbiosis/permeability.

The complexity of vitamin D receptor effects are further increased by data showing
that melatonin binds to the vitamin D receptor and increases vitamin D-driven transcrip-
tion [60]. This suggests that variations in pineal and local melatonin production may
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act to regulate vitamin D effects more directly, via melatonin interactions with the vi-
tamin D receptor. It should be noted that melatonin may interact with, and regulate
the activity of, a wide array of different receptors [61], considerably complicating its ef-
fects. Such data would indicate that the decrease in circadian, pineal melatonin with
age may contribute to age-linked SARS-CoV-2 infection severity via alterations in mela-
tonin’s regulation of the vitamin D receptor, and other receptors, as well as from the
melatonin/Bmal1/SIRT1/SIRT3/PDC/acetyl-CoA/metabolism pathway. It will also be
important to determine as to whether variations in mitochondrial and/or cytoplasmic
melatonin production, as influenced by AhR/CYP1B1, act to modulate the mitochondrial
vitamin D receptor. This could suggest differential effects of the mitochondrial vitamin
D receptor under conditions of altered mitochondrial function that is co-ordinated with
variations in the AhR regulation of the melatonergic pathway. As such, the variations in
mitochondrial melatonergic pathway may then act to differential regulate the effects of
vitamin D. Likewise variations in the circadian, pineal melatonin production may modulate
the vitamin D receptor effects over the circadian rhythm.

6. Circadian Rhythm and COVID-19

The above factors, viz the AhR, vitamin D, the gut microbiome, and especially pineal
melatonin, are all intimately linked to the circadian rhythm. Although the circadian rhythm
and circadian genes have long been associated with the regulation of viral infections [62,63],
there is a relative paucity of data on the role of the circadian rhythm in the SARS-CoV-2
infection. Sleep-wake disruption is a SARS-CoV-2 infection severity risk factor, including
for people with dementia and diabetes [64,65]. It is of note that elderly age is the major
risk factor for severity/fatality in the COVID-19 pandemic. People over 80 years of age
show a 10-fold decrease in the levels of pineal melatonin production, suggesting that the
loss of pineal melatonin over ageing may contribute to the association of SARS-CoV-2
infection severity with age. Ageing associated factors may contribute to the loss of pineal
melatonin, including via increased levels of pro-inflammatory cytokines, amyloid-β and
circulating LPS, all of which may act to inhibit pineal melatonin production. The loss of
pineal melatonin is important, as melatonin at night acts to reset the cells of the immune
system, thereby better optimizing immune cell function during daytime, when the immune
system is more likely to be under challenge.

Immunosenescence is widely used to explain the catastrophic changes that can arise
in dementia and the general inability of the elderly to resist immune challenge [66]. Recent
work has indicated that the loss of pineal melatonin may underpin immunosenescence via
the lost/suppressed night-time resetting of immune cell metabolism [29]. All immune cells
require the upregulation of glycolysis, coupled to maintained OXPHOS, in order to become
activated. By shifting cells from glycolytic metabolism to OXPHOS, pineal melatonin damp-
ens any lingering pro-inflammatory activity in the immune system, whilst optimizing im-
mune cells for daytime challenge. This is achieved by melatonin’s induction of the circadian
gene, Bmal1, and SIRT1, leading to a melatonin/Bmal1/SIRT1/SIRT3/PDC/acetyl-CoA
pathway, whereby acetyl-CoA not only increases ATP from the TCA cycle and OXPHOS,
but also allows for the activation of the mitochondrial and cytoplasmic melatonergic
pathway. The latter arises from acetyl-CoA being a necessary co-substrate for the initial
enzyme in the melatonergic pathway, viz AANAT. Acetyl-CoA also dampens COX2-driven
inflammatory activity by the acetylation and inhibition of COX2, as occurs with aspirin.
Consequently, the loss of pineal melatonin will contribute to, if not drive, the changes
arising in immunosenescence.

The efficacy of gut microbiome-derived butyrate is mediated via optimized mito-
chondrial function, arising from an increased PDC and associated melatonergic pathway
activation [30]. As such, the effects of the gut microbiome-derived butyrate are intimately
linked to the circadian alterations driven by pineal melatonin. Gut dysbiosis and associated
increased gut permeability, by raising levels of the TLR4 ligands, LPS and HMGB1, will
suppress pineal melatonin production [67]. Consequently, ageing-associated gut dysbio-
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sis/permeability will contribute to the inhibition of pineal melatonin’s optimization and
resetting of immune cell metabolism. As noted, the effects of vitamin D at the vitamin
D receptor may be significantly determined by variations in pineal and local melatonin
production [60]. The other major circadian factor highlighted above, the AhR, is in negative
reciprocal interactions with melatonin [68].

Overall, such data highlights the important interactions of COVID-19 regulatory
factors, such as the AhR, vitamin D, butyrate, amyloid-β, and LPS, with pineal melatonin
and the circadian rhythm regulation of the immune system.

7. Integrating Tryptophan Metabolism into COVID-19 Pathophysiology

As indicated throughout, variations in the regulation of tryptophan and its metabolites
are intimately linked to key processes underpinning SARS-CoV-2 pathophysiology. The
raised levels of pro-inflammatory cytokines during the initial ‘cytokine’ storm will drive
the upregulation of IDO and its conversion of tryptophan to kynurenine. This has two
important consequences, viz increasing AhR activation and decreasing the availability of
tryptophan for the serotonergic and melatonergic pathways. As SARS-CoV-2 may increase
AhR ligands independently of IDO induction, it is proposed that SARS-CoV-2, like other
viral infections, may be associated with the upregulation of IL4I1, and thereby with the
driving of tryptophan to the production of other AhR ligands, viz I3P and I3A [16]. See
Figure 1.

Increased AhR activation will dysregulate the immune response, contributing to a
heightened pro-inflammatory phase during the initial ‘cytokine storm’, whilst also sup-
pressing the endogenous antiviral cell responses of NK cells and CD8+ T cells. Conse-
quently, there is prolongation of heightened pro-inflammatory activity in the initial phase
of infection, at least in part driven by the suppressed antiviral responses of NK cells and
CD8+ T cells, which would typically control the immune response around 7 days after
initial infection. It has been recognized that this dysregulated immune response is the
major driver of SARS-CoV-2 severity and fatality.

SARS-CoV-2 severity risk factors, including elderly age, obesity, and T2D, prime for an
altered immune response by a number of mechanisms. These conditions are all associated
with an increase in AhR levels and activity as well as an increase in pro-inflammatory
cytokines/IDO/kynurenine, leading to AhR activation. Diet is known to regulate IL4I1 [69],
suggesting that dietary factors contributing to obesity and T2D may be acting in part via
the upregulation of IL4I1 and I3P.

As well as regulating the immune response, AhR activation primes platelets for
activation, coagulation, and thrombin formation, as does TLR4 activation that may arise
from gut permeability-derived LPS and HMGB1. Gut dysbiosis/permeability and AhR
activation are therefore important contributors to the association of activated platelets to
SARS-CoV-2 fatality. The gut is intimately associated with the regulation of tryptophan and
its metabolites. Many of the beneficial effects of butyrate are mediated by its upregulation
of the melatonergic pathway, highlighting that the driving of tryptophan to the production
of AhR ligands and away from serotonin, NAS, and melatonin production, will attenuate
the beneficial effects of butyrate. This may be of particular relevance in immune cells, where
butyrate’s induction of PDC/acetyl-CoA/OXPHOS/TCA cycle/melatonergic pathway are
important to a more optimized antiviral immune response by NK cells and CD8+ T cells.

The important role of the circadian rhythm may also be similarly modulated by varia-
tions in tryptophan regulation. Recent work would indicate that the importance of pineal
melatonin to immune cell ‘resetting’ over the circadian rhythm may be mediated by the ac-
tivation of the Bmal1/SIRT1/SIRT3/PDC/acetyl-CoA/OXPHOS/TCA cycle/melatonergic
pathway [3]. The driving of tryptophan away from serotonin production will attenuate
pineal melatonin’s influence on the metabolism of immune cells. Importantly, AhR activa-
tion arising from the induction of kynurenine and I3P will increase AhR-induced CYP1B1,
thereby backward converting melatonin to NAS, whilst the ability of AhR activation to
suppress 14-3-3 [70] can prevent the activation of the AANAT and the melatonergic path-
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way. 14-3-3 is necessary for the stabilization of AANAT, indicating that AhR suppression
of 14-3-3 may inhibit mitochondrial and cytoplasmic melatonin production. As the release
and autocrine effects of melatonin are required to switch immune cells from an M1-like pro-
inflammatory phenotype to an M2-like, anti-inflammatory, pro-phagocytic phenotype [47],
the induction of tryptophan metabolites can significantly alter the nature of the immune
response. As such, as well as modulating circadian regulation of the immune system, an
increase in tryptophan metabolite-driven AhR activation can change the nature of the
activation–deactivation processes in individual immune cells.

Figure 1. Scheme showing how the SARS-CoV-2 virus, and pre-existent high-risk medical conditions, shift tryptophan
metabolism to increase AhR ligands. The activation of the AhR alters the nature of the initial ‘cytokine storm’ and sup-
presses the endogenous antiviral responses of NK cells and CD8+ T cells, leading to a prolonged activation of macrophages,
neutrophils, and mast cells, as evident in severe SARS-CoV-2 infection. The driving to tryptophan to kynurenine and I3P,
along with the elevated pro-inflammatory cytokines of the ‘cytokine storm’, also suppresses pineal melatonin produc-
tion and therefore the induction of the α7nAChR by melatonin, thereby contributing lost vagal dampening of immune
activity and raising sympathetic nervous system activation. The elevation in pro-inflammatory cytokines also increases
gut dysbiosis/permeability, leading to a decrease in butyrate and raising LPS levels, further contributing to metabolic
dysregulation of patterned immune responses to SARS-CoV-2 infection. A number of readily available nutraceuticals, such
as resveratrol, EGCG, folate, vitamin B12, and curcumin, by AhR inhibition, may act to modulate how many processes
influence SARS-CoV-2 pathophysiology.

There is a growing appreciation of the pathophysiological and treatment relevance of
vitamin D in the SARS-CoV-2 infection. By regulating serotonin levels [46], vitamin D will
modulate the serotonin-melatonergic pathway, whilst the suppression of pro-inflammatory
cytokine production by vitamin D [55] will attenuate cytokine-induced IDO and the pro-
inflammatory route for activation of the AhR by kynurenine. As noted, melatonin can bind
the vitamin D receptor, thereby potentiating some vitamin D-driven transcription [60]. The
suggests that attenuation of the tryptophan/serotonin/melatonin pathway by IDO, TDO,
and IL4I1 can suppress vitamin D-driven transcription. As such, the effects of vitamin
D in the SARS-CoV-2 infection may be intimately linked to alterations in tryptophan
metabolism.
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8. Future Research

Does SARS-CoV-2 increase IL4I1, and therefore the production of the AhR ligands,
I3P and I3A?

Preclinical data show that prenatal/early postnatal exposure to AhR ligands leads
to a reprogramming of the CD4+ and CD8+ T cell responses to viral infection, via the
long-term maintenance of alterations in DNA methylation [71,72]. This is also supported
by human data [73]. This could suggest that the upregulation of tryptophan-derived
ligands, including kynurenine and I3P, in early development will modulate cytolytic cell
responses to later infection. The relevance of AhR regulation of tryptophan metabolites
in such processes, including via CYP1B1 regulation of the melatonergic pathway, will be
important to determine. As many high-risk medical conditions for severe/fatal SARS-CoV-
2 infection, including obesity and T2D [74], can have an early developmental etiology, the
developmental overlaps of these conditions with alterations in responses to viral infection
in later life will be important to determine.

Recent data show that even small elevations in plasma glucose associate with SARS-
CoV-2 infection severity/fatality [75], indicating a role regulation of the gut microbiome
within the context of the gut–liver and gut–brain axes [76], in modulating SARS-CoV-2
severity. The roles of the tryptophan metabolites, kynurenine and I3P, in the activation
of the AhR in driving such glucose dysregulation [77], in concert with AhR-mediated
dysregulation of the immune response, will be important to determine.

As to how the tryptophan metabolites interact with the alpha 7 nicotinic acetylcholine
receptor (α7nAChR) in SARS-CoV-2 pathophysiology will be important to determine.
The conversion of kynurenine to kynurenic acid (KYNA) may contribute to KYNA antag-
onism of the α7nAChR, as well as N-methyl-d-aspartate (NMDA) receptor antagonism.
The α7nAChR can significantly inhibit pulmonary viral infections via effects in pulmonary
epithelial cells as well as in the regulation of the immune response, reviewed in [29]. Im-
portantly, the α7nAChR is regulated by melatonin [78], suggesting that the suppression of
pineal, and perhaps local, melatonin in SARS-CoV-2 infection may contribute to a decrease
in α7nAChR activation in pulmonary epithelial cells, and the immune system α7nAChR
level and activity in SARS-CoV-2 infection will contribute to inflammation during the
initial ‘cytokine storm’ [29,79]. The regulation of tryptophan metabolism may then directly
modulate the α7nAChR via KYNA, which also activates the AhR, as well as via melatonin.

The α7nAChR is an important mediator of vagal nerve activity, and therefore in the
sympathetic/parasympathetic balance of the autonomic nervous system. Many of the
high-risk conditions associated with SARS-CoV-2 infection severity/fatality have height-
ened levels of sympathetic nervous system activity [80,81], which may be contributed by
increased KYNA and decreased melatonin that suppresses α7nAChR activity and levels,
respectively. The effects of KYNA and decreased melatonin on the α7nAChR may therefore
be an aspect of high-risk medical conditions per se, as well as being driven by SARS-
CoV-2 infection via tryptophan metabolite regulation. Clearly, disentangling the effects
of α7nAChR activation from research focused on promoting anti-cigarette smoking [82]
will be important for future research. It is also important that this is looked at in human
cells, given the unique human duplicant dupα7 (CHRFAM7A), which negatively regulates
the α7nAChR, and which can be independently regulated by different factors, including
LPS, reviewed in [29]. As such, measurement of the role duplicant dupα7 (CHRFAM7A)
in different experimental protocols will be necessary in order to clarify α7nAChR effects,
if any.

The presence of pulmonary embolism in COVID-19 patients is high, with one Spanish
study of consecutive hospitalized patients showing 35.6% of patients having a pulmonary
embolism [83]. The role of I3P and kynurenine, via AhR activation, in priming platelets
for elevated activity, coagulation, and thrombin production in severe SARS-CoV-2 infec-
tion [84], will be important to determine.

Given the paucity of SARS-CoV-2 data pertaining to many of the processes highlighted
above, it is clear that many future research directions may be indicated. For example, the
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well-proven role of vitamin D in the regulation of immune responses may interact with
the regulation of serotonin and melatonin production, as indicated above. The interactions
of vitamin D with experiences of racial discrimination in modulating SARS-CoV-2 patho-
physiology will be important to determine, including in tropical countries such as Brazil,
where heightened levels of racial discrimination stress are evident. As such, vitamin D
levels in equatorial countries may be in interaction with other important processes that
occlude a simple interpretation of how vitamin D variations may interact with SARS-CoV-2
susceptibility and severity. As stressors, including possibly racial discrimination stress,
can increase gut permeability and dysregulate the gut microbiome, whilst vitamin D also
regulates gut permeability, it is clear that indicants of how vitamin D may modulate SARS-
CoV-2 infection susceptibility and severity will need the recording of wider body systems.
The acquisition of such data should provide a more detailed basis as to how tryptophan
metabolites and the AhR interact with wider body systems.

9. Treatment Implications

Targeting aspects of tryptophan metabolism may have important prophylactic and
treatment implications for the management of SARS-CoV-2 infection, particularly as the
emergence of new variants would suggest that this virus is likely to have impacts for years,
if not decades. Clearly, the suppression of infectivity and symptomatology by nutraceuticals
is preferable to treatment with pharmaceuticals, given the lack of any efficacy of the four
WHO recommended pharmaceuticals at the beginning of the COVID-19 pandemic [2].

10. Prophylactic Treatment

A number of studies have shown that people taking melatonin have up to a 64%
decrease in the likelihood of getting SARS-CoV-2 infection, or have had no conscious symp-
toms [85]. The optimization of night-time melatonin production by 2–10 mg melatonin,
about 20 min before bed-time is a readily achievable intervention. As melatonin is a natural
product with no relevant side-effects and is widely used by millions of people worldwide,
the utilization of melatonin as a prophylactic would not require extensive safety trials. The
dramatic loss of pineal melatonin in the elderly and the proven utility of melatonin in the
management of dementia, obesity, T2D would indicate that melatonin may have wider
clinical benefits for people with high-risk conditions for SARS-CoV-2 severity/fatality.

Likewise, utilizing vitamin D supplements will have immune and gut microbiome/barrier
integrity benefits as well as suppressing the pro-inflammatory cytokine response that drives
tryptophan to the production of AhR ligands.

A number of nutraceuticals afford antagonism at the AhR, including green tea and its
polyphenol, epigallocatechin gallate (EGCG). EGCG has also been shown to decrease SARS-
CoV-2 entry into cells in vitro, with over two-times the efficacy of WHO recommended,
Lopinavir [86,87].

Other AhR antagonists include resveratrol, vitamin B12, folate, and curcumin, all of
which have wider health benefits, including via the regulation of immune function [16].

As melatonin may mediate some of its effects via increased α7nAChR, with the
α7nAChR activation having possible prophylactic benefits in pulmonary epithelial cells,
as in other viral infections [84], nicotine and/or pharmaceutical α7nAChR agonists, may
have prophylactic utility. Data shows nicotine to have significant impacts on pulmonary
epithelial cells, which could indicate some relevant impacts on SARS-CoV-2 infection [82],
although it is highly likely that in vivo the effects of nAChR agonism will be in both
immune cells and pulmonary epithelial cell interactions [88].

Pre- and pro-biotics, as well as dietary alterations, can slowly improve the α-diversity
of gut microbiome, thereby increasing butyrate production. However, the utilization of the
nutraceutical, sodium butyrate, will achieve optimal butyrate levels more quickly, whilst
also increasing the production of butyrate-producing gut bacteria.

As with melatonin, such nutraceutical supplements will have wider benefits on the
pathophysiology of SARS-CoV-2 high risk medical conditions, such as obesity and T2D.
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11. Treating SARS-CoV-2 Infection

There is a growing appreciation of the potential clinical utility of melatonin in the
treatment of SARS-CoV-2 infection. This has been indicated by data showing that patients
needing intubation for SARS-CoV-2 infection are more likely to survive if they have
been taking melatonin [89]. Such data highlight how the prophylactic use of melatonin,
if unsuccessful in preventing infection, may still prove beneficial by decreasing the severity
of any subsequent SARS-CoV-2 infection.

The results of an ongoing pilot study, looking at the utility of intravenous melatonin
at 5–8 mg/kg body weight, in the treatment of severe SARS-CoV-2 infection [90], should
clarify as to whether melatonin has treatment utility in the management of SARS-CoV-2
infection. Given the well-proven anti-inflammatory effects of melatonin, and its utilization
by the body over the course of evolution to reset immune cells over the circadian rhythm
as well as switching immune cells from and M1-like to an M2-like anti-inflammatory
phenotype via its autocrine effects [47], it is likely that such high doses of melatonin will
modulate the course of severe SARS-CoV-2 infection. Unlike dexamethasone, melatonin
does not totally suppress the antiviral NK cells and CD8+ T cells, but rather seems to
increase their cytotoxicity and antiviral efficacy, it may be that melatonin will have more
utility than the limited efficacy of dexamethasone. Future research should clarify this in
the near future, as well as to whether melatonin would have any impact on mitochondrial
AhR regulation of mitochondrial transcription [25,91].

Melatonin also has negative reciprocal interactions with the AhR, suggesting that
it may modulate some of the consequences of tryptophan metabolism dysregulation.
However, it may be that more direct inhibition of the AhR over the course of SARS-CoV-
2 infection will prove useful. For example, the dampening effects of melatonin on the
initial ‘cytokine storm’ may be paired with AhR antagonism, e.g., via EGCG or resveratrol
supplementation, in order to prevent the AhR antagonism/exhaustion in NK cells and
CD8+ T cells. If of utility, the temporal utilization and dose of such AhR antagonists would
have to be ascertained.

The utility of sodium butyrate, via its HDAC inhibitory capacity, induction of PDC and
the melatonergic pathway [30], as well as its ability to increase the levels and cytotoxicity
of NK cells requires investigation [27], including as to route and dose of administration.

12. Conclusions

Accumulating data on the pathophysiological changes driven by SARS-CoV-2 in-
fection indicate an important role for variations in the metabolism of tryptophan. Pro-
inflammatory cytokine induction of IDO, leads to kynurenine activation of the AhR, which
can significantly suppress the endogenous antiviral responses of NK cells and CD8+ T
cells, whilst dysregulating the initial pro-inflammatory cytokine responses of macrophages,
neutrophils, and mast cells. Such processes are relevant in many other medical conditions,
including as to how age associates with an increased susceptibility to a range of diverse
medical conditions. As data show SARS-CoV-2 to have IDO/kynurenine-independent
activation of the AhR, it is proposed that the SARS-CoV-2 virus, like some other viruses,
activates IL4I1, thereby increasing the production of other AhR, such as I3P. As such, SARS-
CoV-2 viral infection may have a number of routes to activate the AhR. The utilization of
tryptophan to increase kynurenine in SARS-CoV-2 infection decreases the production of
serotonin, and therefore suppresses the availability of serotonin as a necessary precursor
for the melatonergic pathway. The cytokine suppression of pineal melatonin and the AhR-
induced CYP1B1 suppression of local melatonin, leads to suboptimal melatonin regulation
of mitochondrial metabolism, which underpins the dysregulated immune response to
SARS-CoV-2 infection. This is further confounded by pro-inflammatory cytokine induced
gut dysbiosis/permeability that suppresses butyrate and increases circulating LPS. Such a
SARS-CoV-2 dysregulated immune responses, aided by pre-existent changes in high risk
medical conditions, provide readily achievable treatment targets, including melatonin and
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AhR antagonists, such as EGCG, resveratrol, and curcumin, both as prophylactic and in
the course of treatment of severe SARS-CoV-2 infection.
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Abstract: The aryl hydrocarbon receptor (AhR) plays a crucial role in environmental responses
and xenobiotic metabolism, as it controls the transcription profiles of several genes in a ligand-
specific and cell-type-specific manner. Various barrier tissues, including skin, display the expression
of AhR. Recent studies revealed multiple roles of AhR in skin physiology and disease, includ-
ing melanogenesis, inflammation and cancer. Tryptophan metabolites are distinguished among
the groups of natural and synthetic AhR ligands, and these include kynurenine, kynurenic acid and
6-formylindolo[3,2-b]carbazole (FICZ). Tryptophan derivatives can affect and regulate a variety of
signaling pathways. Thus, the interest in how these substances influence physiological and patholog-
ical processes in the skin is expanding rapidly. The widespread presence of these substances and
potential continuous exposure of the skin to their biological effects indicate the important role of AhR
and its ligands in the prevention, pathogenesis and progression of skin diseases. In this review, we
summarize the current knowledge of AhR in skin physiology. Moreover, we discuss the role of AhR
in skin pathological processes, including inflammatory skin diseases, pigmentation disorders and
cancer. Finally, the impact of FICZ, kynurenic acid, and kynurenine on physiological and pathological
processes in the skin is considered. However, the mechanisms of how AhR regulates skin function
require further investigation.

Keywords: aryl hydrocarbon receptor; tryptophan; kynurenine; FICZ; skin; kynurenic acid; atopic
dermatitis; psoriasis; melanoma

1. Introduction

The aryl hydrocarbon receptor (AhR) is expressed in various tissues characterized
by a rapid growth rate, including skin [1]. Gene expression analysis revealed that AhR
activation enhances or suppresses the expression of several genes, thus influencing the gene
expression profile [2]. Previous studies revealed the crucial role of AhR in several physio-
logical and pathological processes in the skin. Among the groups of natural and synthetic
AhR ligands is the group of tryptophan derivatives [1,3]. Some of them, including kynure-
nine, kynurenic acid, and 6-formylindolo[3,2-b]carbazole (FICZ), have been previously
recognized as ligands of this receptor. However, recently discovered biological properties
of these substances, their widespread presence, and potential continuous exposure may
suggest the important role of tryptophan-derived AhR ligands in many physiological and
pathological processes in the skin [4]. Unfortunately, the role of AhR itself and the biological
effect of the tryptophan-derived ligands in the prevention, pathogenesis, and progression
of skin diseases are not fully understood to date.

2. Aryl Hydrocarbon Receptor (AhR)

AhR is a transcription factor from the evolutionarily old family of a basic helix-loop-
helix/Per-ARNT-Sim (bHLH-PAS) transcription regulators, acting in a DNA sequence-
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specific manner. The bHLH motif contains two domains that are responsible for DNA
sequence binding and protein dimerization [1]. Several low-molecular-weight chemical
compounds activate the cytosolic AhR after entering cells via diffusion [3,5]. Air pollution
compounds [3], endogenous amino acid derivatives [6–8], some food components (e.g., in-
doles, polyphenols, glucosinolates) [9–11], and some yeast and bacterial metabolites [12]
are considered AhR ligands. AhR has only one binding pocket, whose amino acid com-
position determines ligand binding strength [1]; however, AhR may also be activated by
a number of stress factors and some substances that might not fit into the binding pocket
(e.g., hypoxia and oxidized low-density lipoproteins) [13].

The type of AhR ligand determines the level of activation and the spectrum of genes
transcribed [14–16]. An increased AHR expression is observed in the placenta, liver, lungs,
intestines, and skin, which are barrier tissues or play an important role in metabolism.
The lowest AHR expression is reported in the brain, kidneys, and skeletal muscles [2]. Re-
cent studies revealed additional functions of AhR in the body, including control of liver and
vascular development, intestinal immunity, hematopoiesis, and perinatal growth [17–22].
Moreover, AhR signaling may be associated with stem cell proliferation and carcinogene-
sis [2].

After ligand binding, AhR dissociates from its chaperones (e.g., proto-oncogene
tyrosine-protein kinase c-Src, heat shock protein 90 (HSP90), p23, and the hepatitis B
virus X-associated protein 2 (XAP2)) and undergoes conformational changes, resulting
in the exposition of the nuclear translocation signal and induction of AhR transport into
the nucleus (Figure 1A) [23].
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Figure 1. Schematic overview of aryl hydrocarbon receptor (AhR) signaling pathways: canonical (A) and
noncanonical (B). In physiological conditions, AhR is localized in the cytosol and complexed with specific
proteins, such as the hepatitis B virus X-associated protein 2 (XAP-2), heat shock protein 90 (HSP90), c-Src
and p23. Upon ligand binding, AhR changes its conformation and is translocated to the nucleus, where it
dimerizes with AhR nuclear transporter (ARNT) (A) or other partners, such as transcription factors (e.g.,
Kruppel-like factor 6 (KLF6)). (B). Dissociated c-Src interacts with the epidermal growth factor receptor
(EGFR). To date, several different types of crosstalk between AhR and other proteins have been described.
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For instance, AhR interaction with the hyperphosphorylated form of the retinoblastoma protein
(Rb) results in growth arrest at the G1/S phase of the cell cycle [24]. AhR signaling may also pro-
mote nuclear factor kappa-light-chain-enhancer of activated B cell (NF-κB) activation via RelA and
RelB interaction [25–27]. Moreover, AhR signaling is associated with the activity and function of
the estrogen receptor [28]. The AhR/ARNT complex binds to the xenobiotic-responsive element
(XRE) and induces the transcription of AhR-responsive genes (e.g., CYP1A1). On the other hand,
AhR ligation promotes the transcription of its inhibitor—the AhR repressor (AhRR). AhRR forms
a heterodimer with ARNT and competes with AhR/ARNT to bind to the XRE sequence, inhibit-
ing AhR-induced transcription. However, previous studies suggest that AhR repression may not
occur solely by inhibition of the DNA binding site and AhR/ARNT complex formation [29,30].
Moreover, Wilson et al. indicated that AhR–KLF6 complex formation may be involved in cell cycle
regulation [31]. AhR and KLF6 proteins form a heterodimer that recognizes novel nonconsensus
XRE (NC-XRE), highlighting a distinction from the XRE-dependent AhR signaling mechanism. This
noncanonical signaling pathway may influence cell cycle regulation, as it controls the expression
of the cyclin-dependent kinase inhibitor p21Waf1/Cip1 [31]. Jackson et al. revealed that 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD)-mediated p21Waf1/Cip1 activation is associated with disrupted
liver regeneration [32]. Therefore, while the KLF6-mediated noncanonical AhR signaling pathway
might suppress tumor growth by regulating p21Waf1/Cip1 expression, carcinogenic AhR agonists
might activate the canonical AhR signaling pathway and promote tumorigenesis. As outlined above,
AhR might influence cell survival by various mechanisms. However, AhR might also interact with
different genes that have a similar binding pattern, such as STC2 gene, encoding a glycoprotein
responsible for the regulation of endoplasmic reticulum stress [33]. Vogel et al. revealed that AhR
forms a complex with NF-κB subunit RelB. The NF-κB-RelB-binding site is targeted by AhR and
promotes the expression of chemokine genes, such as BAFF, BLC, and IRF3 [34]. Furthermore, Ge
et al. identified Rb as an AhR dimerization partner, suggesting its role in cell cycle arrest [35]. Re-
cently, Huang et al. described a novel NC-XRE in the promoter of the gene encoding plasminogen
activator inhibitor-1 (PAI-1) that might be targeted by a distinct protein complex [36]. However,
further investigations are needed to determine the contribution of canonical and noncanonical AhR
signaling pathways to cell homeostasis. The scheme is based on previously reported data [2,3,14].

Chaperone c-Src disconnected from AhR initiates internalization and nuclear translo-
cation of the epidermal growth factor receptor (EGFR) and activation of mitogen-activated
protein kinases (MAPK) signaling cascades, which are involved in cell proliferation, mi-
gration, and angiogenesis [37]. In the nucleus, AhR dimerizes with the AhR nuclear
transporter (ARNT), another member of the bHLH-PAS family [38]. Genes possessing AhR
binding sites (xenobiotic response elements, XRE) in their promoters are transcribed when
bound to an AhR/ARNT dimer. After the interaction with XRE, AhR is transported back
into the cytosol and degraded. The crosstalk between AhR and other signaling pathways
may modify the effects of AhR and its ligands’ interaction (Figure 1B) [1].

The wide spectrum of genes interacting with AhR within XRE indicates that AhR
signaling is specific to the type of cell, tissue, or prevailing conditions (Table 1) [15,16].
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Table 1. The effect of AhR on selected cellular processes.

Alterations in Cellular
Functions Biological Effect Type of Cell/

Mouse Model Reference

Cell metabolism
• AhR stimulates the expression of enzymes involved in drug

metabolism (e.g., CYP1A1, CYP1A2, and CYP1B1).
AHR-deficient

mice [39]

Cell
proliferation

Inhibition

• AhR-dependent mechanisms induce the expression of genes
for the CDK inhibitory factors p27 Kip1 and p21 Waf1/Cip1

leading to an inhibition of CDKs and Rb inactivation.

5L cells [40]

HUVEC [41]

• AhR binds directly to hypophosphorylated Rb and prevents
its phosphorylation by cyclin-dependent kinases (CDKs).

LNCaP cells [42]

BP8
5L

HEK293
[43]

• AhR interacts directly with E2F, promoting the expression of
S-phase-specific genes.

Hepa-1c1c7
MCF-7 [44]

• AHR silencing inhibits cell cycle progression and
proliferation. HepG2 [45]

Stimulation

• AHR silencing stimulates cell cycle and proliferation of cells. MCF-7 [45]

• AhR acts as potent transcriptional coactivator of
E2F1-dependent transcription. A549 [46]

• AhR induce the expression of SOS1, accelerating cell
proliferation. HepG2 [47]

Cell migration *

• AhR promotes the increased formation of cytoskeleton stress
fibers and reduction of lamellipodia formation, and decreases
migration of fibroblasts in AHR knockdown mice.

T-FGM-
AHR−/−

myofibroblasts
[48]

• TCDD-induced AhR activity promotes cell motility and
cytoskeleton remodeling.

MCF-7
HepG2 [49]

• Flavin, an AhR agonist, induces the inhibition of breast
cancer cell growth and motility.

MDA-MB-231
T47D [50]

• Omeprazole, an AhR agonist, decreases breast cancer cell
invasion and suppress metastasis. MDA-MB-231 [51]

• AHR knockout reduces cell migration due to heregulin
signaling activation in breast cancer cells displaying HER2
overexpression.

MCF-7 [52]

• Hyperactivation of AhR accelerates cell migration of oral
squamous cell carcinoma cells, while AhR inhibition reduces
migration of these cells.

HSC-3
CAL27 [53]
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Table 1. Cont.

Alterations in Cellular
Functions Biological Effect Type of Cell/

Mouse Model Reference

Regulation of Signaling Pathways and Nuclear Receptors

NF-κB signaling pathway

• TCDD-mediated AhR activation stimulates the transcription
of inflammatory genes within the NF-κB signaling pathway,
e.g., IL 8.

U937
macrophages [54]

• AhR-mediated IL 17A and CCL20 transcriptional activation is
dependent on RelB activity. B6 mice [25]

Nuclear factor-erythroid
2-related factor-2 (Nrf2)

signaling pathway

• AhR promotes the expression of antioxidant enzymes such
as glutathione S-transferases and NAD(P)H quinone
dehydrogenase 1 (NQO1).

NHEK [55,56]

Calcium-dependent
signaling pathways

• AhR ligands TCDD and polycyclic aromatic hydrocarbons
(PAH) are able to produce rapid and sustained calcium
influx.

Hepa-1 [57]

• AhR is involved in stimulating the 35-cyclic adenosine
monophosphate (cAMP), protein kinase C (PKC),
and protein kinase A (PKA) activity, promoting
the inflammatory response to TCDD.

3T3-L1 [58,59]

Hypoxia-induced factor
(HIF)

• Under hypoxic conditions, HIF1α binds to ARNT, limiting
its bioavailability for AhR and inhibiting AhR transcriptional
response.

HepG2
HaCaT [60]

• Low O2 conditions stabilize HIF1α and HIF2A, the absence
of which impairs the expression of the HIF-targeted gene
encoding filaggrin; thus, keratinocyte terminal
differentiation and epidermal barrier formation are impaired.

HEK
Krt14-Cre+ mice [61]

• TCDD-mediated AhR activation improperly expresses
R-Spondin1, which mediates through LRP6 to activate
the Wnt/β-catenin signaling;Activation of Wnt/β-catenin
results in the stabilization of β-catenin, which in turn causes
the misexpression of various Wnt target genes, resulting
in the inhibition of tissue regeneration.

Zebrafish
caudal fin

regeneration
model

[62]

Estrogen and retinoid
receptors

• AhR ligand TCDD stimulates the expression of a gene
product that inhibits estrogen receptor α (ERα)-dependent
induction of transcription.

BG1 [63]

• CYP1A/1B induction increases estrogen catabolism. MCF-7 Reviewed
in [28,64]

* Although AhR activity may influence cell migration and invasion, the ability of the AhR to drive tumor growth is mostly tissue
specific. AhR—aryl hydrocarbon receptor; CDK—cyclin-dependent kinase; Rb—retinoblastoma protein; E2F—a group of transcription
factors, which are downstream effectors of Rb; SOS1—son of sevenless 1; TCDD—2,3,7,8-tetrachlorodibenzo-p-dioxin; IL17A—interleukin
17A; CCL20—chemokine (C-C motif) ligand 20; NQO1—NAD(P)H quinone dehydrogenase 1; PAH—polycyclic aromatic hydrocarbons;
cAMP—3′5′-cyclic adenosine monophosphate; PKC—protein kinase C; PKA—protein kinase A; ARNT—aryl hydrocarbon receptor nuclear
translocator; LPR6—LDL receptor-related protein 6; ERα—estrogen receptor α; NF-κB—nuclear factor kappa-light-chain-enhancer of
activated B cells; HIF—hypoxia-induced factor; Nrf2—nuclear factor-erythroid 2-related factor-2.
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The transcription of genes encoding xenobiotic-metabolizing enzymes (CYP1A1,
CYP1A2, and CYP1B1), genes responsible for cell differentiation and regulation of the cell
cycle, and genes coordinating the immune response is dependent, even partially, on AhR
activity [65,66]. Moreover, induction of CYP1A1 expression allows for the degradation of
some AhR ligands, including FICZ. During this process, a large amount of reactive oxygen
species (ROS) is produced. ROS activity affects cell metabolism, leading to DNA damage
and expression of various cytokines [65,67].

Interestingly, microarray studies indicated a ligand-specific differences in AhR-induced
gene expression profile [68]. To date, many cellular metabolites and xenobiotic compounds
were defined as AhR agonists [2,67].

The mechanism of downregulation of AhR signaling is still unclear. It is based
on the activity of the negative AhR regulator, the AhR repressor (AhRR). Upon AhR
activation, AHRR expression is induced. The AhRR forms a heterodimer with ARNT and
competes with the AhR/ARNT complex for the XRE binding site. This feedback loop
consequently inhibits AhR transcriptional activity [69]. On the other hand, Evans et al.
reported that AhRR-mediated AhR inhibition is not the cause of ARNT sequestration [29].
A distinct mechanism of AhRR action was proposed, indicating that AhR inhibition occurs
through protein–protein interaction [29]. Therefore, AhR repression does not occur solely
by inhibition of the DNA binding site and AhR/ARNT complex formation.

3. The Role of AhR in Skin Physiology

Skin, the largest organ of the human body, is a protective barrier against harmful
environmental factors. The maintenance of body fluid balance and a constant temperature
depends on the proper condition and function of the skin. A battery of receptors and nerve
endings present in the skin enable a reaction to various stimuli and communication with
the surrounding environment [70].

The skin has a layered structure, consisting of (from the outside): epidermis, formed
mainly by keratinocytes; dermis, created mainly by fibroblasts; and subcutaneous tissue.
Among skin cells, there are also Langerhans cells (LCs), melanocytes, sebocytes, and im-
mune cells (mast cells, CD8+ T cells, and dendritic cells (DCs)) [70]. AhR is observed in all
skin cells, but particular cell types differ in its expression level [2].

The skin is exposed to biological, physical, mechanical, and chemical factors. Interest-
ingly, AhR signaling appears to play an important role in maintaining skin homeostasis as
it participates in many processes such as metabolism of environmental toxins, maintaining
redox balance in the cell, response to ultraviolet (UV) radiation, melanogenesis, regulation
of immunological processes, and functioning of the epidermal barrier [2].

AhR/ARNT signaling initiates the activation of the OVO-like 1 (OVOL1) transcription
factor, which subsequently enhances the expression of filaggrin (FLG) and loricrin (LOR),
proteins specific to fully differentiated keratinocytes and corneocytes [71]. Thus, the activa-
tion of this pathway contributes to accelerating the final differentiation of the epidermis
and formation of epidermal barrier.

The role of the skin in immune processes is based on protecting the host from
pathogens while suppressing excessive inflammation. High levels of AhR in the skin
cells may be associated with an AhR-mediated immune response. AhR signaling is es-
sential for the maturation of LCs and its capacity to present antigens, as demonstrated
in studies on AHR-null mice [72]. Interestingly, inflammatory skin lesions were observed
in mice with permanently active AhR in keratinocytes [73]. High AHR expression was
previously reported in Th17 cells. Moreover, IL-22 secretion by these lymphocytes depends
on AhR activation [74]. In summary, AhR deficiency or alterations within AhR activity may
disrupt the immune response or impair the development and function of the epidermal
barrier [75].
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4. AhR and Skin Pathological Processes

In addition to the prominent and well-documented role of AhR in skin homeostasis,
this receptor is also involved in many pathological processes within the skin through alter-
ations in AhR-controlled signaling pathways. Moreover, it may be associated with exposure
to toxic AhR ligands present in air pollution. Disorders whose pathomechanism is associ-
ated with AhR function in the skin include, among others, chloracne, hyperpigmentation,
and vitiligo, as well as inflammatory diseases such as psoriasis or atopic dermatitis [66].

Skin diseases may be related to air pollution. The most common air pollutants with
high affinity for AhR include the following: 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD),
benzo[a]pyrene (BaP), polychlorinated dibenzofurans (PCDFs), polychlorinated dibenzo-
p-dioxins (PCDDs), and polychlorinated biphenyls (PCBs) [2,66]. Although exposure
to high doses of toxic AhR ligands is relatively rare and accidental, even low doses of
these compounds have previously caused skin irritation or worsened the symptoms of
diseases [76]. Chloracne and hyperpigmentation are the most frequently mentioned among
skin diseases in people exposed to high doses of air pollution components [77–80]. AhR
may also be activated due to chronic exposure to PM2.5, which is made up of dioxin
derivatives [76].

Activation of the AhR signaling pathway in epidermal keratinocytes is sufficient to
initiate inflammatory skin lesions [73]. Tauchi et al. suggest that the activation of the AhR
signaling pathway and the expression of AhR target genes are the main mechanisms of
inflammatory skin disorders induced by PAH [73]. Thus, blocking of AhR signals that
induce transcription of selected genes may be a potential therapeutic target in the treatment
of some skin diseases.

A Double Agent: The Role of AhR in Oxidative Stress

Oxygen molecules do not always undergo full four-electron reduction, which leads
to the formation of unstable ROS. In physiological conditions, ROS are formed during
biochemical reactions and are characterized by high reactivity. Moreover, ROS are produced
as a result of exposure to environmental stress, such as UV radiation or ionizing radiation.
Xenobiotics and air pollutants may also increase ROS formation. The balance between
the rate of ROS formation and the activity of antioxidants produced by the cells determines
the biological response to ROS. The consequences of increased cell exposure to ROS include
the following: a decrease in adenosine triphosphate (ATP) levels, lipid peroxidation,
cell membrane depolarization, morphological changes in cell surfaces, and DNA damage.
However, the biological activity of ROS is not limited to adverse effects, as at a physiological
concentration, they play an important role in cell homeostasis by regulation of proliferation,
apoptosis, and migration [81].

The interaction of TCDD with AhR enhances the expression of cytochrome P450 family
members such as CYP1A1, CYP1A2, and CYP1B1. Due to the stable structure of TCDD,
these enzymes are not able to metabolize TCDD dioxin effectively. Furthermore, excessive
CYP1A1 activity, resulting from the constant interaction between TCDD and AhR, induces
the generation of ROS. Increasing oxidative stress may cause oxidation of fatty acids
in skin cell membranes, structural proteins (mainly collagen), and enzymatic proteins [14].
CYP1A1-induced excessive production of ROS may indirectly affect cell metabolism due
to direct activation of multiple signaling pathways. Moreover, an interaction of ROS with
various molecules such as NF-κB, c-Jun oncoprotein, or Rb may affect the cell cycle [82,83].

Activation of the AhR/CYP1A1 signaling pathway also contributes to increased
production of inflammatory mediators, including interleukin 1 (IL-1), IL-6, and IL-8. Fur-
thermore, BaP exposure is associated with an increased expression of CYP1A1, and IL-8,
ROS production. This phenomenon may underlie the inflammatory skin diseases in tobacco
smokers, as BaP is a component of tobacco smoke [84,85].

On the other hand, AhR activity induces the expression of nuclear factor erythroid
2-related factor 2 (Nrf2), a transcription factor with antioxidant properties. Upon AhR-
mediated activation, Nrf2 increases the expression of antioxidant enzymes such as glu-
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tathione S-transferases and NAD(P)H quinone dehydrogenase 1 (NQO1) [56]. Some AhR
ligands are more active in promoting the antioxidant response (Table 2).

Table 2. The AhR signaling pathway mediates antioxidative signals in response to different substances, e.g., herbal
medicines and flavonoids.

Substance Outcome Cell Type References

Ketoconazole

• Activation of antioxidative Nrf2 and NQO1
pathways; Anti-inflammatory effect mediated by
TNF-α inhibition; Inhibition of BaP-mediated ROS
and IL-8 production (cytoprotective effect);

• AhR activation without ROS production.

NHEK [55]

Bidens pilosa
• Inhibition of TNF-α and BaP-mediated ROS

production; Activation of antioxidative Nrf2 and
NQO1 pathways.

Human dermal
endothelial cells [86]

Epigallocatechin gallate

• Activation of antioxidative Nrf2 and NQO1
pathways; Downregulation of AhR and CYP1A1
expression.

Primary vascular
endothelial cells [87]

Quercitrin

• Inhibition of UVB-mediated ROS production;
Reduction of UVB-mediated oxidative DNA
damage.

JB6 cells [88]

Quercetin, kaempferol

• Reduction of BaP-mediated increased expression of
Nrf2;

• Counteraction of BaP-mediated suppression of
AhRR.

Caco2 [89]

Cinnamaldehyde

• Inhibition of AhR activation;
• Activation of antioxidative Nrf2 and NQO1

pathways.
HaCaT [11]

Cynaropicrin
(Cynara scolymus)

• Activation of antioxidative Nrf2 and NQO1
pathways; Inhibition of ROS production in cells after
exposure on UVB radiation;

• Inhibition of proinflammatory cytokine (IL-6 and
TNF-α) production in cells after exposure on UVB
radiation.

NHEK [10]

Opuntia ficus indica
• Activation of antioxidative Nrf2 and NQO1

pathways; Induction of FLG and LOR expression. HNEK [9]

Hesperetin

• Inhibition of AhR transactivation; Inhibition of AhR
downstream gene expression (CYP1A1, CYP1A2,
and CYP1B1).

MCF-7 [90]

Quercetin, resveratrol,
curcumin

• Induction of CYP1A1 in an indirect manner by
inhibiting the metabolic turnover of FICZ. HaCaT [91]

AhR—aryl hydrocarbon receptor; Nrf2—nuclear factor-erythroid 2-related factor-2; NQO1—NAD(P)H quinone dehydrogenase 1; TNF-
α—tumor necrosis factor alpha; BaP—benzo[a]pyrene; ROS—reactive oxygen species; AhRR—aryl hydrocarbon receptor repressor;
FLG—filaggrin; FICZ—6-formylindolo[3,2-b]carbazole.
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Modulation of the activity of various proteins, including downstream AhR targets,
such as CYP1A1 or Nrf2 via the AhR/ARNT pathway, determines the redox balance of
the cells [56].

In contrast to TCDD, coal tar induces Nrf2 nuclear translocation and follows the induc-
tion of NQO1 expression, thereby triggering an antioxidant signal pathway that neutralizes
the negative effect of ROS in keratinocytes [92]. Activation of this pathway may be a clue
suggesting the lack of toxicity and carcinogenicity of coal tar used in the treatment of psori-
asis [93]. On the other hand, chronic exposure to TCDD results in growing immunotoxicity,
thereby increasing the risk of cancer [65]. Although the mechanism of coal tar activity is
not fully understood, a comprehensive study in a large group of patients with psoriasis
and eczema has not indicated a relationship between the use of coal tar and an increased
risk of skin cancers [93]. In summary, both ROS production and antioxidative response
resulting from AhR activation depend on the AhR ligand type.

5. Role of AhR in Inflammatory Skin Diseases
5.1. Atopic Dermatitis

Atopic dermatitis (AD) is a heterogeneous skin disease accompanied by eczema, Th2-
deviated inflammation, and chronic itching. Due to the reduced expression of FLG and
other proteins involved in the differentiation and maturation of skin cells, the skin barrier
integrity in AD is impaired [94]. Moreover, skin barrier dysfunction causes an increased
colonization of microorganisms, such as Staphylococcus aureus, which further promotes skin
inflammation [95].

Previous studies suggested that Th2-mediated immune response is associated with
reduced production of the tryptophan-derived AhR ligand indole-3-aldehyde (IAId) by
the skin microbiome. Yu et al. reported that IAId-induced AhR activation attenuated
AD-like dermatitis [96]. Decreased inflammation was associated with the inhibition of
thymic stromal lymphopoietin (TSLP) production in keratinocytes. TSLP is an inflam-
matory cytokine overexpressed in keratinocytes of AD patients. Upon IAId stimulation,
AhR may interact with the TSLP promoter region and promote immune homeostasis
in the skin of healthy subjects. TSLP expression is also observed in MC903-induced AD-like
dermatitis mouse model, as it plays a crucial role in Th2-mediated inflammation. Al-
though the inhibitory effect of IAId on TSLP expression reduces the inflammatory response
in MC903-induced AD-like dermatitis in mice, this effect has not been observed in differ-
ent models of AD-like skin inflammation, such as imiquimod (IMQ)-induced psoriatic
dermatitis and oxazolone (OXA)-induced contact hypersensitivity. Due to aberrant skin
microbiota, a reduced level of IAId may indicate alterations in TSLP expression, leading to
skin inflammation in patients diagnosed with AD. Therefore, a deficiency of physiological
AhR ligands in the Th2-deviated environment may underlie the skin lesions in AD [96].

Expression of FLG in keratinocytes is dependent on AhR activity as AhR ligation leads
to OVOL1 nuclear translocation and subsequent FLG transcription [62]. The AhR/ARNT/-
FLG signaling pathway may be activated by both rapidly metabolized AhR ligands, such
as IAId or FICZ, and by dioxins (Figure 2) [97,98].
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Therefore, dioxin-mediated or persistent AhR activation may promote skin barrier 
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with ROS production. Furthermore, AhR ligands are degraded by CYP1A1. Regarding chemically stable ligands, such
as dioxins, sustained CYP1A1 activation leads to enhanced ROS generation. On the other hand, several AhR ligands
activate nuclear factor-erythroid 2-related factor-2 (Nrf2), a transcription factor, which induces expression of antioxidative
enzymes (e.g., heme oxygenase 1 (HMOX1) and NQO1). Moreover, AhR signaling is associated with the differentiation
of immune cells, such as Th17 and Treg. Regarding inflammatory skin diseases, such as psoriasis and atopic dermatitis,
AhR-mediated IL-22 production plays a crucial role in alleviating skin lesions. AhR/ARNT interaction upregulates filaggrin
(FLG) and loricrin (LOR) expression via activation of the OVO-like 1 (OVOL1) transcription factor. Both FLG and LOR
play a key role in epidermal differentiation. However, IL-4/IL-13-mediated signal transducer and activator of transcription
6 (STAT6) activation inhibits the OVOL1/FLG/LOR pathway. AhR stimulation may inhibit STAT6 and upregulate FLG
and LOR expression. The pathogenic implication of AhR signaling in inflammatory skin diseases is not fully understood
as the activation of the AhR/OVOL1/FLG/LOR pathway may become harmful. As the use of rapid metabolizing AhR
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epidermal barrier dysfunction. The scheme is based on previously reported data [9,10,84,99]. ↑-activation, upregulation,
↓-downregulation, T-arrow-inhibition.

Therefore, dioxin-mediated or persistent AhR activation may promote skin barrier
dysfunction and exacerbate the course of AD [97]. However, topically applied FICZ reduced
inflammation in skin lesions in a murine dermatitis model by AhR activation [98]. Moreover,
a decrease in Il 22 expression and an increase in FLG transcription were observed [98].

However, the role of AhR in AD pathogenesis is not fully understood. Kim et al.
showed an increase in ARNT and CYP1A1 messenger RNA (mRNA) expression in AD
skin [100]. On the other hand, Hong et al. revealed an increased protein level of AhR
and ARNT but not CYP1A1 in skin lesions of AD patients [97]. Hu et al. demonstrated
higher expression of AHR in serum and increased protein level of AhR in skin lesions
of AD patients compared to healthy controls. Moreover, mRNA levels of AHR, AHRR,
and CYP1A1 in peripheral blood mononuclear cells (PBMCs) of AD patients were higher
in comparison to healthy controls. Thus, AHR expression level in PBMCs may be associated
with eczema area and severity index score in AD patients [101].

The antioxidative transcription factor Nrf2 may be activated by some AhR ligands,
and recent studies indicated a therapeutic effect of this group of AhR agonists. For instance,
coal tar attenuates inflammatory response in AD and psoriasis patients by NRF2 activation
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upon AhR interaction [92,102]. However, excessive activation of AhR leads to abnormally
accelerated keratinization of cells and the formation of pruritic artemin [103,104].

One of genes encoding nerve elongation factors that may be related to epidermal hy-
perinnervation is ARNT. ARNT, encoding artemin, acts as pruritus-related AhR target gene.
Edamitsu et al. suggest that besides ARNT overexpression, constitutive AhR activation
may exacerbate alterations in the epidermis in patients with AD [103]. Moreover, artemin
expression and alloknesis may be enhanced by air pollutants via AhR activation [104].
Artemin expression is higher in patients with AD compared to healthy controls [104]. Topi-
cal application of 7,12-dimethylbenz[a]anthracene (DMBA), an exogenous AhR agonist,
induced an AD-like phenotype, but this effect was not achieved when using endogenous
AhR ligand FICZ. As FICZ is rapidly metabolized by CYP1A1, it cannot efficiently activate
AD-related target genes. Therefore, prolonged AhR activation is crucial for pruritic AD
symptoms induction [104].

A few reports indicate that some AhR agonists, such as FICZ, 2-(1H-Indol-3-ylcarbonyl)-
4-thiazolecarboxylic acid methyl ester (ITE), and soybean tar Glyteer, may activate both
canonical and noncanonical AhR signaling pathways. For instance, in human keratinocytes,
FICZ promotes wound healing via extracellular signal-regulated kinase (ERK) signaling
in an AhR-independent manner [105]. AhR endogenous ligand ITE also reduces transform-
ing growth factor-beta (TGF-β) signaling without AhR activation. However, the recruitment
of Th2 cells in AD skin lesions is regulated by chemokine (CC motif) ligand 17 (CCL17)
and CCL22 expression. Both chemokines are produced via signal transducer and acti-
vator of transcription 6 (STAT6) activation in DCs. Takemura et al. demonstrated that
soybean tar Glytter inhibits STAT6 expression; thus, CCL17 and CCL22 production in DCs
is reduced [106]. Moreover, STAT6 expression is blocked by coal tar via AhR-mediated
activation of the Nrf2 signaling pathway [92]. Interestingly, coal tar induces a shift in skin
microbiome composition due to the microbiome-modulating properties of some AhR ago-
nists. As the skin microbiome plays an important role in the development of inflammatory
skin diseases, this biological mechanism of coal tar may have an essential therapeutic
value [107].

Clinical studies confirm the efficacy of the AhR agonist tapinarof in the treatment
of AD [108]. The action of tapinarof is based on the activation of the Nrf2-antioxidative
pathway. Improvement in skin condition after tapinarof application is also associated with
reduced IL-17A production and increased FLG expression [108].

5.2. Psoriasis

Psoriasis is a chronic inflammatory skin disease characterized by the thickened epi-
dermis and skin infiltration of polymorphonuclear cells. The tumor necrosis factor-alpha
(TNF-α)/IL-23/IL-17A axis plays a key role in induction and progression of psoriasis; thus,
biological drugs against TNFα/IL-23/IL-17A have good therapeutic efficacy [109].

The interaction between AhR and endogenous ligands changes the inflammatory
profile of skin lesions in psoriasis [110]. AhR-mediated Th17 activity controls the expression
of IL-22 [111,112]. Monitoring of IL-22 plasma concentration allows the assessment of
the severity of the disease [113]. Furthermore, the activity of IL-22 in keratinocytes is
associated with increased expression of the transcription factor STAT3, which contributes
to increased proliferation of epidermal cells [114]. IL-22 also affects the final stage of
epidermal cell differentiation, leading to psoriasis-like skin lesions [115,116].

Interestingly, AhR activity is required for IL-22 production specifically by Th17 cells.
AhR induction is not necessary for other types of IL-22-producing cells, including γδ T cells,
CD4(−)CD8(−)TCRβ(+) T cells, and innate lymphoid cells. It is still unclear why Th17
specifically requires AhR stimulation to produce IL-22. Nevertheless, the reason for it may
indicate the diversity of interactions of AhR downstream effectors with other transcription
factors. For instance, TGF-β, which induces c-Maf activity, is involved in the differentiation
of Th17 cells. C-Maf inhibits IL-22 expression by binding to its promoter. Hence, AhR
activity appears to be necessary to overcome the suppressive activity of TGF-β [115].
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On the other hand, the interaction of AhR with endogenous ligand FICZ reduces
the inflammatory response in the IMQ-induced model of skin lesions [117]. Moreover, AHR-
null mice presented significant exacerbation of the disease when compared to the AHR-
sufficient control. In addition, an increase in mRNA expression of several proinflammatory
cytokines involved in psoriasis, such as Il 17a, Il 17c, Il 23, Il 22, and Il 1b, was observed
in the skin lesions of AHR-deficient mice [117].

Nevertheless, the role of AhR in psoriasis is controversial [99]. Kim et al. reported
an increase in AhR and ARNT protein level in skin lesions in psoriasis, whereas CYP1A1
level was decreased when compared to healthy skin [100]. However, the fact that AhR
may induce the expression of other genes not involved in the metabolism of xenobiotics
cannot be ignored. It should be underlined that AhR controls activation of several signaling
pathways, including phosphoinositide 3-kinase/protein kinase B (PI3K/Akt) and ERK
signaling pathways, and the expression of various genes contributing to proliferation,
adhesion, migration, or immune response [118,119]. On the other hand, serum levels
of AhR and CYP1A1 in psoriasis patients were significantly higher when compared to
the control group in the study conducted by Beranek et al. [120].

One of the genes that is found to be consistently upregulated in psoriatic skin lesions
is KYNU, encoding an enzyme of the tryptophan metabolism. Kynureninase (KYNU)
degrades kynurenine, an endogenous AhR ligand [121]. Gudjonsson et al. revealed other
genes (e.g., IDO1, CYP2E1, CYP4B1, SMOX, and ALDH3A2) of the tryptophan catabolism
pathway to be differentially regulated in psoriasis [122]. Deregulation of tryptophan
metabolism in the skin may lead to a reduction of AhR ligands, such as kynurenine,
kynurenic acid, and FICZ [123–125].

In both human psoriasis samples and an IMQ-induced model of skin inflammation,
FICZ-induced AhR activation ameliorates inflammatory response. Moreover, Di Meglio
et al. revealed that the expression of 29 out of 41 genes upregulated in psoriasis, including
inflammatory-related genes such as IFIT, IFIT3, RSAD2 and MX2, was reduced after FICZ-
induced AhR activation. Thus, decreased AhR activity in psoriatic skin lesions may be
associated with increased expression of proinflammatory cytokines in this tissue leading
to hyperinflammation [117]. Moreover, AhR activity seems to be crucial modulator of
the severity of psoriasis [117]. In summary, the limited availability of endogenous AhR
ligands could affect skin homeostasis regulated by this receptor.

It is not explicitly confirmed that a specific cytokine profile is responsible for the sever-
ity of skin lesions. This crosstalk between immune cells and nonhematopoietic cells
involved in the inflammatory response is crucial for determining the pathogenesis of dis-
eases such as psoriasis. However, the treatment of autoimmune inflammation is based
on the modulation of the immune response [126]. An absence of AhR or blockade of its
activity is associated with dysregulation of skin cell responses, mainly keratinocytes, to
inflammatory stimuli. A number of inflammatory pathways are involved in the pathogene-
sis of psoriasis; thus, it is difficult to indicate the leading role of individual inflammatory
mediators in the development of skin lesions. Recent studies indicate that the use of
IL-17 blockers in an IMQ-induced psoriasis-like skin model is not sufficient to decrease
the formation of skin lesions in AHR-deficient mice [127]. Moreover, AhR activity in the epi-
dermal capillaries limits the recruitment of neutrophils, thus limiting the formation of skin
lesions [128].

6. Skin Pigmentation Disorders
6.1. Hyperpigmentation

Hyperpigmentation of the skin is characteristic of tobacco smokers, and it may result
from BaP-mediated AhR activation and enhanced melanogenesis [129]. The microphthalmia-
associated transcription factor (MITF) is a major regulator of melanogenesis, which acti-
vates tyrosinase (TYR) and tyrosinase-related proteins (TYRPs). The expression of these
melanogenic enzymes leads to melanin granules production [130]. The interaction of AhR
with BaP or TCDD induces MITF activation, which in turn enhances TYR expression, re-
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sulting in increased melanogenesis [131]. Benzanthrone is another AhR ligand contributing
to hyperpigmentation. Increased melanogenesis was observed in murine melanocytes
treated with benzanthrone in vitro [132]. Skin pigmentation was also diagnosed in patients
from Japan (Yusho) and Taiwan (Yucheng) after mass poisoning caused by cooking oil
contaminated with PCBs and PCDFs [77,79]. Additionally, long-time exposure to high
concentrations of PM2.5 may also be associated with hyperpigmentation [76].

6.2. Vitiligo

Vitiligo is an acquired pigmentary disorder, characterized by the loss of functioning
melanocytes in skin, hair, or both. The pathogenesis of vitiligo is based on melanocyte
defects, an innate immune response, and T-cell-mediated melanocyte destruction [133].
Vitiligo patients reveal a reduced expression of AHR in skin lesions compared to healthy
controls [134]. However, furanochromones psoralen and khellin, in combination with UVA
phototherapy, activate AhR, thus increasing melanogenesis [135].

AhR-mediated Treg cell differentiation and IL-10 expression may be associated with
vitiligo pathogenesis, as IL-10 plays a crucial role in the development of self-tolerance [136,137].
Importantly, vitiligo is an autoimmune disease in which macrophages, T cells, cytokines,
and other proinflammatory mediators play a prominent role [138]. Recent studies demon-
strated increased TNF-α concentration and decreased IL-10 production in the serum of vitiligo
patients [136,139]. Moreover, Tregs from AHR-null mice produced decreased level of IL-10 [27].
On the other hand, Taher et al. revealed that tacrolimus-induced increase in IL-10 level inhibited
the degradation of melanocytes and might reduce disease symptoms [138].

The pathogenesis of this disease may be related to AHR − 129C > T polymor-
phism [139]. The T allele of this polymorphism increases the binding affinity of the SP1
transcription factor to AHR, thereby increasing the activity of the AHR promoter. Multiple
TATA-less genes responsible for cell growth and immune response are controlled by SP1.
AHR lacks TATA boxes, although its core promoter region possesses GC-rich fragments
with several putative SP1 binding sites [140]. The abnormal binding affinity of the AHR
promoter to SP1 (due to AHR hypermethylation or under the influence of an SP1 inhibitor)
may decrease AHR expression. Interestingly, increased AHR expression was observed
in carriers of the −129 T allele; thus, it could potentially be a genetic marker for vitiligo.
On the other hand, −129 T allele possession is associated with higher expression of IL-10.
Therefore, AHR − 129C > T polymorphism may be related to vitiligo by altering IL-10
production [139].

IL-22-producing cells, whose activity is dependent on AhR ligation, may also con-
tribute to abnormal immune response underlying vitiligo [141]. Furthermore, IL-17 ex-
pression is correlated with vitiligo and may play a role in its pathogenesis [142]. However,
the relationship between AhR-mediated IL-17 expression and vitiligo has not yet been
stated. Similarly, the involvement of ROS in vitiligo pathogenesis remains controver-
sial [143].

7. Skin Appendage Disorder: Chloracne

Chloracne is characterized by acne-like eruptions, blackheads, cysts, and pimples
on the skin and may appear in response to permanent exposure to AhR ligands from
polluted air, such as TCDD and PCDFs [77–79]. Chloracne skin lesions are located mainly
on retroauricular and malar areas of the face as well as on the ear lobes and groin [80,144].
Increased AHR expression is observed in skin lesions of people exposed to dioxins present
in polluted air [101]. Moreover, constitutive activation of AhR and excessive production of
ROS may be crucial for the development of this disease [145]. Pathogenesis of chloracne is
based on the accelerated process of final differentiation of keratinocytes induced by AhR
agonists, although the molecular aspect of this mechanism is not fully understood [146,147].

Caputo et al. reported that exposure to high doses of TCDD contained in polluted
air caused chloracne in children after the explosion in Seveso [78]. Similarly, massive
poisoning of PCDFs and their derivatives induced chloracne in Japan (Yusho) [80] and

165



Int. J. Mol. Sci. 2021, 22, 1104

Taiwan (Yucheng) [81]. Skin lesions covering over 30% of body surface area and sebaceous
gland involution are observed in people exposed to very high doses of TCDD [146].

In physiological conditions, AhR activation also leads to accelerated keratinocyte
differentiation [148]. However, structural stability of dioxins may be crucial for chlo-
racne development, as endogenous AhR ligands are rapidly degraded. The key role of
AhR in keratinization was confirmed in studies in on AHR-deficient and AHR-transgenic
mice [73,149].

Furthermore, lipophilic dioxins can accumulate in the sebaceous glands with high
AHR expression and might be secreted with sebum [144,150,151]. Moreover, chloracne
indicates hyperkeratinization of interfollicular epidermis hair follicle cells [152]. In addition,
a change in the physiology of sebocytes is observed in the form of a gradual loss of
sebaceous cells and involution of sebaceous glands, which leads to cyst formation [150,153].
AhR-dioxins interaction results in hyperkeratinization of keratinocytes and transformation
of sebocytes into keratinocytes [151,152,154].

Pathogenesis of chloracne is related to upregulation of the expression of particular
genes and proteins. The reduced number of sebaceous glands and sebocytes may be
associated with the altered metabolism of the mature sterol-binding protein (mSREBP-
1), resulting from AMP-activated protein kinase (AMPK) activation [155]. On the other
hand, the MAPK signaling pathway is also crucial for skin lesion formation in chloracne
patients, as AhR activation in chloracne induces the activation of EGFR and MAPK [156].
EGFR and AhR compete for common coactivator p300 for their transcriptional activity.
Thus, the activation of the EGFR pathway results in inhibition of AhR-mediated CYP1A1
expression [157].

A number of compounds coordinate the course of each stage of keratinization, which
includes transglutaminase-1 and -3 of ceramides and various epidermal differentiation
complex (EDC) proteins [158]. TCDD indirectly accelerates keratinization by interacting
with EDC molecules such as LOR and FLG [159]. The expression of LOR and FLG increases
due to the interaction with TCDD and induces earlier maturation of the epidermal barrier
in the skin of mouse fetuses [160]. Application of TCDD directly on hairless mouse skin
resulted in hyperkeratosis, epidermal hyperplasia, and sebaceous gland metaplasia [161].

Moreover, TCDD-induced activation of AhR increases the expression of genes in-
volved in the keratinization process. This applies especially to EDC genes and genes
responsible for ceramide synthesis [162]. Inflammation in chloracne results from in-
creased expression of cytokines (IL-6, IL-8, and IL-1a) produced by keratinocytes and
sebocytes [8,84,153].

The previous studies suggested that the severity of chloracne depends on the level of
dioxins in the blood [80]. AhR stimulation is associated with impaired sebocyte prolifera-
tion and impaired lipid synthesis in these cells. As a result of dioxin-induced AhR activity,
sebocytes lose their characteristic phenotype; thus, inhibition of lipogenesis and a de-
crease in the expression of keratin 7 and the epithelial antigen membrane occur. Moreover,
the transformation of sebocytes into keratinocytes is associated with increased expression
of the keratinocyte-specific molecules: keratin 10 and peroxisome proliferator-activated
receptor-δ (PPAR-δ) [151–153]. Dedifferentiation of sebocytes may depend on the activity
of the AhR/Blimp1 signaling pathway. Inhibition of lipogenesis and sebaceous gland
atrophy is associated with inhibition of sebocyte proliferation and reduction of c-Myc
expression mediated by Blimp1 activity. Furthermore, AhR–TCDD interaction induces
the AhR/Blimp1 signaling activity [152].

8. Skin Cancer

AhR is also associated with carcinogenesis and tissue homeostasis [163,164]. However,
its role in carcinogenesis is not clearly defined, and opposite effects of AhR on tumor
progression have been reported. It is hypothesized that this seemingly contradictory
function of AhR in tumor progression may be partially dependent on its cell-type-specific
roles in cell migration [reviewed in [165]].
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There is no clear confirmation that AhR activation leads to the development of skin
cancers. However, the observed procarcinogenic effects of some AhR ligands and the bi-
ological role of down-effector genes activated by this receptor suggest its involvement
in carcinogenesis. Long-term observations revealed that overexposure to some synthetic
AhR ligands (e.g., polycyclic aromatic hydrocarbons) or UVB may lead to premalignant
lesions or skin cancer [166–168].

Carcinogenicity might be associated with the activity of cytochrome P-450 enzymes, as
it leads to either detoxification or potential carcinogens formation. Importantly, UVB is also
involved in the induction of cytochrome P-450 subfamilies, including CYP1A1 and CYP1B1,
and metabolic activation and transformation of organic procarcinogens to carcinogens.
Moreover, several UV-induced mechanisms may be associated with skin carcinogenesis,
such as direct UVB damage to skin cell DNA, reduced apoptosis, intensified keratinocyte
proliferation, and chronic skin inflammation [169]. Finally, the stimulation of AhR leads to
activation of MAPK signaling which may be involved in cancer cell proliferation.

8.1. Squamous Cell Carcinoma

Squamous cell carcinoma (SCC) is the most frequent skin malignancy in humans [170].
Importantly, AhR was identified as one of the genetic determinants of susceptibility to
SCC in humans [171]. Several procarcinogenic and proinflammatory AhR-related genes
potentially involved in carcinogenesis and cancer progression are upregulated in ker-
atinocytes exposed to UVB, including CYP1A1, CYP1B1, COX-2, CXCL5, and matrix
metalloproteinases (MMPs) (reviewed in [172]). It was suggested that the AhR signal-
ing pathway is involved in the initiation of keratinocyte-derived skin cancers induced
by UVB radiation [23]. Moreover, AhR signaling may contribute to the degradation of
the cyclin-dependent kinase inhibitor p27Kip1 involved in cell cycle regulation, prolifera-
tion, and apoptosis in keratinocytes [172–174].

8.2. Melanoma

Surprisingly, there have been very few studies reported on the role of AhR in melanoma
promotion and progression, although AHR is highly expressed in melanoma cell lines [175].
Furthermore, the interactions between tumor and stroma are mediated by AhR. It was
reported that although AHR expression in the tumor inhibits melanoma growth and metas-
tasis, the expression of this receptor in the stroma promotes melanomagenesis. AhR might
act as tumor suppressor regarding melanoma cells, as its activity was associated with de-
creased migration and invasion, a reduced numbers of cancer stem-like cells, and aberrant
β1-integrin and caveolin 1 concentrations. Human melanoma cell lines with the high-
est protein level of AhR have also inhibited migration and invasion activity. Moreover,
AhR protein level is reduced in human melanomas with respect to nevi lesions. It is sup-
posed that tumor progression and metastasis depend on stromal AhR in the case of AHR
knockdown in melanoma cells [165]. Activation of AhR signaling in the tumor microenvi-
ronment may stimulate cancer cell proliferation, and migration by enhanced expression of
proangiogenic mediators and factors increased cancer cell motility, including the vascular
endothelial growth factor (VEGF) and TGF-β [48,176].

On the other hand, it was reported that environmental chemicals considered as AhR
agonists contribute to melanoma progression and invasion through the stimulation and
activity of MMPs [177]. Another study revealed that exposure to TCDD leads to upregu-
lation of the melanogenic pathway not only in melanocytes but also in melanoma cells.
However, no stimulation of melanoma cell proliferation was observed [131].

9. The Role of Tryptophan-Derived AhR Ligands in Skin Homeostasis

Previous studies revealed several ligands of AhR that can be grouped as follows:

• Exogenous/synthetic ligands (i.e., TCDD, biphenyls, DMBA, methylcholanthrene,
and BaP);
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• Exogenous/natural compounds, found in or metabolized from dietary plants (i.e.,
resveratrol and other glucosinolates, flavonoids, indolcarbinols, and kynurenic acid);

• Endogenous ligands formed in the body (i.e., kynurenine, kynurenic acid, ITE, a tryptophan–
cysteine dimer, and FICZ).

Several AhR agonists are derived from tryptophan, which is an essential amino acid
that is considered as the strongest near-UV absorbing chromophore [65]. Thus, the role
of these AhR ligands may be crucial for various processes in the skin. UV absorption by
tryptophan leads to the production of several stable photoproducts that may have various
biological activities. Some of these are considered as AhR ligands since conformational
changes of tryptophan under exposure to UV radiation in the skin result in FICZ produc-
tion [75,178]. Importantly, some other non-UV-induced tryptophan metabolites produced
enzymatically in cells are also considered as AhR ligands (i.e., kynurenine and kynurenic
acid) [123,179,180].

Three main ways by which tryptophan-derived AhR ligands reach the skin can be
distinguished: topical application on the skin, as these ligands may be the compounds
of skin care products; endogenous synthesis in cells of the skin [4]; and intragastric ad-
ministration [181,182]. Furthermore, tryptophan-derived ligand activity affects various
physiological and pathological processes.

9.1. FICZ

FICZ, a tryptophan oxidation product formed by exposure to UV or visible irradiation,
binds with high affinity to AhR in mammalian cells, inducing expression of CYP1A1 [183].
UVB is the most efficient in FICZ formation from aqueous tryptophan, whereas visible
light and UVA induce FICZ production with lower yields [184]. FICZ has a very high
affinity for AhR but is quickly and efficiently degraded in cells by AhR-induced CYP1A1,
CYP1A2, and CYP1B1, giving it low intracellular levels [185,186]. Importantly, FICZ has
been found to be physiologically relevant in human skin [187]. However, the biological role
of this tryptophan metabolite in physiological and pathological processes in the skin has
not been fully studied. It was revealed that direct FICZ-mediated AhR activation alleviates
inflammation in both human psoriasis samples and a mouse model of psoriasis-like skin
lesions [117]. The FICZ–AhR interaction activates the AhR/ROS signaling pathway and
increases the expression of inflammatory mediators (IL-1A, IL-1B, and IL-6) and, thus, may
be associated with the dangerous effects of exposure to UVB radiation [8].

FICZ reveals a photosensitizing effect on keratinocytes. The simultaneous exposure to
FICZ and UVA radiation induces apoptosis of keratinocytes due to caspase 3 activation
and heat shock protein 70 (HSP70) production [183,184]. Moreover, FICZ reduces TGF-β-
mediated collagen formation in human dermal fibroblasts [187,188]. These data indicate
that FICZ may be responsible for the effect of photoaging after UVB exposure.

On the other hand, FICZ limits the production of IL-17 and IL-22 in skin lesions
and reduces inflammation in dermatitis model [98,117]. Moreover, FICZ-mediated AhR
activation is associated with increased expression of EDC, such as FLG and LOR [71]. FICZ
promotes wound healing by increasing keratinocyte migration due to the activation of
the MEK/ERK pathway in an AhR-independent manner [105]. Cell migration is supported
by FICZ even in the conditions of AHR knockdown by small interfering RNAs (siRNAs) or
an AhR inhibitor [105]. Therefore, inflammatory cell migration may result directly from
interactions between FICZ and the TGF-β/ERK signaling pathway. However, the effect
of FICZ may be associated with other molecular mechanisms stimulated by injury. These
results shed a new light on the role of FICZ in skin homeostasis. Nevertheless, the mecha-
nism of FICZ-mediated keratinocyte migration may be relevant to managing the treatment
of skin wounds.

Mengoni et al. reported that AHR expression strictly correlates with the degree of
dedifferentiation in both human melanoma samples and human and mouse melanoma cell
lines [189]. Moreover, in the inflammatory environment, FICZ-mediated AhR activation
induces the phenotypic switch of melanoma cells into the dedifferentiated state [189].
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In addition, AhR-induced suppression of E-cadherin expression and induction of MMP
activity resulted in reduced cell adhesion and increased cell motility [177,190]. Taken
together, these data indicate that AhR activity may promote invasive features of tumor cells.

9.2. Kynurenine

Kynurenine, a key metabolite of the main route of tryptophan catabolism, is an endoge-
nous agonist of AhR [191]. Although kynurenine activates the AhR using classical response
genes such as CYP1A [191], it was previously revealed that kynurenine plays a more im-
portant role in AhR-dependent immunological responses rather than in the metabolism
of xenobiotics. In a dose-dependent manner, kynurenine upregulates the expression of
immunosuppressive genes, such as TGFB1 and IDO1 [192,193]. Kynurenine regulates
T-cell differentiation and induces immunosuppressive strategies in cancer cells [124,191].
Moreover, kynurenine may display an immunosuppressive activity; thus, it takes part
in disease tolerance pathways and represents a link between tryptophan catabolism and
the AhR signaling pathway [192].

Although the impact of kynurenine on cancer cell proliferation is not fully under-
stood, recent studies indicate that kynurenine activity is related to anticancer immune
response. Kynurenine is produced by the tryptophan catabolizing enzymes, indoleamine
2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO), in several types of cancer,
including melanoma, to promote immune evasion [124,194]. Moreover, TCDD, one of
the synthetic AhR ligand, determines tumor immunity as it promotes IDO activation,
leading to kynurenine formation. IDO is constitutively expressed by many tumors and
promotes immunosuppressive mechanisms due to depletion of tryptophan. Moreover,
IDO promotes the formation of several tryptophan metabolites such as kynurenine with
immunosuppressive activity. It was reported that IDO expression is associated with unfa-
vorable prognosis in patients with various malignancies (reviewed in [195]). Importantly,
expression and activity of IDO 1 and 2 are controlled by inflammatory mediators [196].

Similarly to tryptophan derivatives, AhR activity is associated with immune re-
sponse regulation, as it was previously demonstrated in fibroblasts, endothelial cells,
and macrophages [197–199]. Bessede et al. reported that tryptophan metabolites—AhR
interaction contributes to the activation of Scr kinase, thus promoting IDO1 phosphory-
lation [192]. Furthermore, TGF-β expression is blocked, as kynurenic acid cannot induce
its activation without IDO1. TGF-β is a major immune tolerance indicator; thus, AhR-
mediated IDO1 phosphorylation affects immune response [192].

9.3. Kynurenic Acid

Kynurenic acid, a product of tryptophan metabolism enzymatically formed from
kynurenine, is a natural ligand for AhR. Kynurenic acid is produced by kynurenine amino-
transferases (KATs), which promotes L-kynurenine transamination. Moreover, the presence
of ROS allows the direct transformation of tryptophan or kynurenine into kynurenic acid
(reviewed in [179,196]). Kynurenic acid in nanomolar concentrations is an efficient agonist
for the human AhR inducing IL-6 production and xenobiotic metabolism in cells [123].
Nevertheless, the role of kynurenine pathway metabolites in AhR-mediated skin home-
ostasis remains unclear. Recent studies indicate that AhR-kynurenic acid interaction may
be relevant for maintaining the immunosuppressive microenvironment in several cancer
types [179,200].

It has been revealed that kynurenic acid has various biological activities, including
neuroprotective, anticonvulsant, anti-inflammatory, antioxidant, and antiulcer activity
(reviewed in [179,196]). Importantly, kynurenic acid also has antiproliferative and antimi-
gratory properties against various types of cancer cells (reviewed in [179]) by inhibition
of signaling pathways (MAPK, PI3K/Akt) and overexpression of cell cycle regulatory
proteins (p21Waf1/Cip1) [119,201]. Moreover, a recent study confirmed the biological
activity of kynurenic acid towards melanoma A375 and RPMI-7951 cells [202].
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Kynurenic acid is formed endogenously and is present in almost all human body
fluids and tissues (reviewed in [179]) Importantly, kynurenic acid is also present in several
products of human diet [181,182]. The intragastrically administered KYNA is absorbed
and transported to peripheral organs via the bloodstream [203]. The role of kynurenic
acid in the skin is not fully studied. It was reported that kynurenic acid is phototoxic
for erythrocytes and glia cells, but no specific studies regarding skin cells have been
performed [204,205].

Although AHR expression levels do not differ significantly in various types of skin
cancer (Figure 3A), we observed a significant downregulation of AHRR expression in skin
cutaneous melanoma (SKCN) (Figure 3B). Vogel et al. report that the upregulated AhRR
expression inhibits the AhR-mediated antiapoptotic response in mouse embryonic fi-
broblasts [206]. As AhRR tends to play a significant role in suppressing inflammation,
the downregulated AHRR expression may promote tumor growth.

Interestingly, the expression of genes encoding tryptophan catabolizing enzymes (e.g.,
IDO1 and KYNU) is significantly upregulated in two types of skin cancer: head and neck
squamous cell carcinoma (HNSC) and SKCN (Figure 3).

Although the reason for this phenomenon has not yet been revealed, a few hypotheses
seems to be reliable and feasible. The kynurenine pathway is a major metabolic pathway
involved in the formation of key a coenzyme, nicotinamide adenine dinucleotide (NAD+).
As cancer cells display increased energy requirements, overexpression of IDO1 and KYNU
may arise from the need of an additional source of energy NAD+. On the other hand, it
cannot be ignored that the increased activation of KYNU may be caused by the need to
reduce the amount of kynurenine or kynurenic acid, which may have a negative effect on
cancer cells.
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J)) in human head and neck squamous cell carcinoma and skin cutaneous melanoma. Expression of 

Figure 3. Expression pattern of genes encoding AHR (A), AHRR (B), tryptophan catabo-
lizing enzymes (IDO1 (C), IDO2 (D), KMO (E), KYNU(F)) and kynurenine aminotransferases
(KAT I–IV (G–J)) in human head and neck squamous cell carcinoma and skin cutaneous melanoma.
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Expression of KYAT1 (KAT I), AADAT (KAT II), KYAT3 (KAT III), GOT2 (KAT IV) was analyzed.
Significant downregulation of AHRR expression was observed in skin cutaneous melanoma (B). Both
head and neck squamous cell carcinoma and skin cutaneous melanoma showed significantly higher
expression of IDO1 (C). Moreover, significantly upregulated expression of KMO was found in skin
cutaneous melanoma (SKCM) (E). Significantly upregulated KYNU expression was observed in both
HNSC and SKCM (F). GEPIA2 was queried for skin cancers: human head and neck squamous cell
carcinoma and skin cutaneous melanoma [207]. Differences in gene expression levels were studied
using ANOVA. * p < 0.01 and fold-change threshold (|Log2FC| cutoff) of 1.

Theate et al. indicate that the expression of IDO1 may act like a negative prognostic
marker in various cancer types, including melanoma and carcinomas of the cervix, bladder,
kidney, and lung [208]. Moreover, AhR regulates the expression of IDO1 and TDO. Regard-
ing the tumor microenvironment, a decreased level of tryptophan caused by IDO1 and
TDO activity may result in loss of immune function through the suppression of antigen-
specific T-cell response and stimulation of DC-mediated immune tolerance [124]. Thus,
declined effectiveness of the anticancer immune response, resulting from deregulation
of the kynurenine pathway, may be associated with cancer progression. Moreover, as
the activation of the IDO/kynurenine/AhR pathway is associated with the resistance to
immune checkpoint blockade, AhR may be involved in therapy resistance [209].

9.4. Skin Microbiome Metabolites

The epidermis may be colonized by various species of commensal microbes. For in-
stance, lipophilic yeasts Malassezia are capable of converting tryptophan into indole com-
pounds, some of which are AhR agonists. Malassezia furfur and Malassezia globosa colonize
the skin of approximately 80% of the healthy population. However, their impact on skin
physiology is controversial [12,210].

The activity of tryptophan-derived AhR agonists produced by Malassezia is associated
with the hyperproliferation in seborrheic dermatitis and altered inflammatory in pityriasis
versicolor [210]. Moreover, Malassezia metabolites affect cell cycle regulation and DNA
repair, thus increasing the risk of skin cancer. Gaitanis et al. also reported that AhR
ligands produced by Malassezia change ROS production and suppress the inflammatory
response [211].

10. Conclusions

Previous studies confirmed at least a partial role of AhR in the pathogenesis of various
skin diseases, including inflammatory diseases, skin pigmentation disorders, and can-
cer [84,89,154]. However, the function of AhR is complex as the outcome of AhR activation
depends on the type of cell and ligand [13,15]. Furthermore, many different biological
responses to AhR stimulation or inhibition in the skin are observed [56]. Most of the re-
ported data are focused on the immunological and oncological effect of AhR stimulation.
However, AhR ligation may induce excessive expression of proinflammatory cytokines
and ROS production, leading to inflammatory disease development or carcinogenesis [55].
On the other hand, AhR-agonist-mediated activity may affect the differentiation of Treg
cells, thus promoting immune tolerance [126,127]. Therefore, to determine the physiolog-
ical mechanism of AhR and its role in skin disease development, more data are needed
from both basic and clinical studies.

Importantly, tryptophan derivatives are a large group of AhR ligands that may poten-
tially play a role in the pathogenesis or treatment of many skin diseases [7,169]. They are
produced by enzymatic reactions or due to UV radiation in various skin cells; thus, skin is
constantly exposed to tryptophan-derived AhR ligands. Additionally, some of them are
present in herbs and plant extracts commonly used in skincare and treatment. However,
their biological role requires further examination. In future studies, the involvement of
tryptophan-derived AhR ligands in the initiation and progression of skin diseases should
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be clarified. The question of whether tryptophan-derived AhR ligands should be used
in the prevention of skin diseases or whether we should avoid contact with them due to
their negative impact on disease progression remains without a clear answer.
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Abbreviations

AD atopic dermatitis
AhR aryl hydrocarbon receptor
AhRR aryl hydrocarbon receptor repressor
Akt protein kinase B
AMPK AMP-activated protein kinase
ARNT aryl hydrocarbon receptor nuclear translocator
ATP adenosine triphosphate
BaP benzo[a]pyrene
cAMP 3′5′-cyclic adenosine monophosphate
CCL17 chemokine (C-C motif) ligand 17
CCL22 chemokine (C-C motif) ligand 22
CDK cyclin-dependent kinase
DC dendritic cell
DMBA 7,12-dimethylbenz[a]anthracene
EDC epidermal differentiation complex
EGFR epidermal growth factor receptor
ER estrogen receptor
ERK extracellular signal-regulated kinase
FICZ 6-formylindolo[3,2-b]carbazole
FLG Filaggrin
HIF hypoxia-induced factor
HNSC head and neck squamous cell carcinoma
HMOX1 heme oxygenase 1
HSP heat shock protein
IaId indole-3-aldehyde
IDO indoleamine 2,3-dioxygenase
IFN-γ interferon gamma
ITE 2-(1H-Indol-3-ylcarbonyl)-4-thiazolecarboxylic acid methyl ester
KAT kynurenine aminotransferases
KLF6 Kruppel-like factor 6
KYNA kynurenic acid
KYNU kynureninase
LC Langerhans cell
LOR Loricrin
LPR6 LDL receptor related protein 6
MAPK mitogen-activated protein kinase
MITF microphtalmia-associated transcription factor
Msrebp-1 mature sterol-binding protein
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NAD nicotinamide adenine dinucleotide
NF-κB nuclear factor kappa-light-chain-enhancer of activated B cells
NQO1 NAD(P)H quinone dehydrogenase 1
Nrf2 nuclear factor-erythroid 2-related factor-2
PAH polycyclic aromatic hydrocarbons
PBMC peripheral blood mononuclear cell
PCB polychlorinated biphenyls
PCDD polychlorinated dibenzo-p-dioxins
PCDF polychlorinated dibenzofurans
PI3K phosphoinositide 3-kinase
PKA protein kinase A
PKC protein kinase C
PPAR-δ peroxisome proliferator-activated receptor-δ
PTD photodynamic therapy
Rb retinoblastoma protein
ROS reactive oxygen species
SCC squamous cell carcinoma
siRNA small interfering RNA
SKCN skin cutaneous melanoma
SOS1 son of sevenless 1
STAT signal transducer and activator of transcription
TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin
TDO tryptophan 2,3-dioxygenase
TGF-β transforming growth factor beta
TNF-α tumor necrosis factor alpha
Treg T regulatory cell
TRP tryptophan
TSLP thymic stromal lymphopoietin
TYR tyrosinase
TYRP tyrosinase-related protein
VEGF vascular endothelial growth factor
XAP2 the hepatitis B virus X-associated protein 2
XRE xenobiotic-responsive element
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Abstract: Given the pharmacological properti es and the potential role of kynurenic acid (KYNA)
in human physiology and the pleiotropic activity of the neurohormone melatonin (MEL) involved
in physiological and immunological functions and as regulator of antioxidant enzymes, this study
aimed at evaluating the capability of Saccharomyces cerevisiae EC1118 to release tryptophan derivatives
(dTRPs) from the kynurenine (KYN) and melatonin pathways. The setting up of the spectroscopic
and chromatographic conditions for the quantification of the dTRPs in LC-MS/MS system, the
optimization of dTRPs’ production in fermentative and whole-cell biotransformation approaches
and the production of dTRPs in a soybean-based cultural medium naturally enriched in tryptophan,
as a case of study, were included in the experimental plan. Variable amounts of dTRPs, with a
prevalence of metabolites of the KYN pathway, were detected. The LC-MS/MS analysis showed
that the compound synthesized at highest concentration is KYNA that reached 9.146 ± 0.585 mg/L
in fermentation trials in a chemically defined medium at 400 mg/L TRP. Further experiments in
a soybean-based medium confirm KYNA as the main dTRPs, whereas the other dTRPs reached
very lower concentrations. While detectable quantities of melatonin were never observed, two MEL
isomers were successfully measured in laboratory media.

Keywords: kynurenine pathway; MEL biosynthesis; Saccharomyces cerevisiae; yeast; tryptophan
extraction; LC-MS/MS; soybean

1. Introduction

L-tryptophan (L-TRP) is a non-polar amino acid and is the only amino acid containing
an indole ring: in addition to being involved in the biosynthesis and turnover of proteins
and peptides, tryptophan (TRP) after its absorption into the body is converted into a series
of small bioactive, pleiotropic compounds, each capable of influencing certain cellular
metabolic pathways and physiological responses. Concerning these bio-transformations,
L-TRP is processed through different pathways: 90–97% lead to the breakdown of the
indole ring with the formation of kynurenine (KYN) and derivatives; 3–10% keep the indole
ring intact and produce chemical messengers of the indolamine family, among which is
melatonin (MEL) [1].

The KYN pathway is a metabolic route in which TRP is converted into compounds
with different biological functions [2]. In humans, the KYN pathway is involved in neu-
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rodegenerative and autoimmune disorders, including Alzheimer’s, Huntington’s disease,
amyotrophic lateral sclerosis diseases, and in cancer and psychiatric syndromes, including
schizophrenia [3–5]. KYN itself is a ligand of the aryl receptor and therefore regulates gene
expression and immune function [6,7]. The metabolites deriving from the KYN pathway
are considered cytoprotective (kynurenic acid, KYNA) or cytotoxic/pro-epilepsy (3OH
kynurenine, 3OH KYN, 3OH anthranilic acid, 3OH AA, quinolinic acid, and nicotinic
acid). KYNA is an endogenous neuroprotector that is usually present in the brain in
nanomolar concentrations. It is an antagonist of the nicotinic cholinergic receptor α7 and
a non-competitive antagonist of ionotropic N-methyl-D-aspartate (NMDA) receptors [8],
the activation of which would facilitate the initiation of the processes leading to the death
of neurons after a short period of anoxia. KYNA has been shown to be the endogenous
agonist of the GPR35 receptor expressed mainly in immune cells and peripheral mono-
cyte/macrophage cells where it is able to reduce the secretion of tumor necrosis factor
α (TNFα) induced by lipopolysaccharides [9]. It is an antioxidant and neuroprotective
compound [10]; in particular, altered KYNA levels may suggest an inflammatory response,
as shown in Alzheimer’s disease patients [11]. KYNA reduces the heart rate and glaucoma
in mice and it has a role in carcinogenesis and cancer therapy [12–14].

Several studies have shown the existence of the KYN pathway in yeasts [15–18].
Panozzo and co-authors (2002) identified the genes that encode several KYN pathway en-
zymes in Saccharomyces cerevisiae [19]. Bna3p has been reported as a KYN aminotransferases
(KAT) present in yeast, which converts KYN to KYNA [20]. According to Ohashi et al.
(2017) [21], the KAT enzymes Aro8 and Aro9 reduce the toxic effects of some metabolites of
TRP, allowing their conversion to less toxic metabolites for the cell. It has been shown that
the biosynthesis of NAD+ and niacin through the KYN pathway is present in S. cerevisiae
and S. uvarum [15,17]. Actually, the synthesis of NAD+ in yeasts occurs not only through de
novo biosynthesis from TRP but also through the recovery pathway of the NAD+ precur-
sors which are well-known vitamins such as nicotinic acid and nicotinamide. Furthermore,
nicotinamide-ribose, nicotinamide mononucleotide, and nicotinic acid-ribose have been
identified as NAD+ precursors [17,22–24]; they are transported into the yeast cells from
the culture media and assimilated for the NAD+ supply [25,26]. KYNA production has
been optimized in Y. lipolytica [27], an unconventional yeast with a high biotechnological
potential. The results showed that Y. lipolytica S12 strain is able to produce KYNA in high
concentrations (up to 21.38 µg/mL in culture broth and 494.16 µg/g cell dry weight in
biomass) in optimized conditions in a medium supplemented with tryptophan (200 mg/L).
Recently. Wrobel-Kwiatkowska et al. 2020 reported that KYNA may be efficiently produced
by the yeast Y. lipolytica S12 in media containing chestnut honey up to 68 mg/L in culture
broth and 542 mg/kg in yeast biomass [28]. KYNA release has been also reported in
brewing experiments performed by S. cerevisiae and Saccharomyces pastorianus [18].

A little information is available on the biosynthesis of MEL in fungi; it can be synthe-
sized by S. cerevisiae via two routes. Serotonin (5OH TRY) can be acetylated to N-acetyl
serotonin (NAC 5OH TRY) or it can be converted to MEL through 5-methoxytryptamine
(5OME TRY) [29,30]. To date, only the PAA1 gene in S. cerevisiae, which codes for a
polyamine acetyltransferase, has been proposed as a homologue of the AANAT coding
for the enzyme arylalkylamine N-acetyltransferase present in vertebrates [31]. Kinetic
studies have shown that this enzyme has a higher catalytic efficiency for 5OME TRY than
5OH TRY, suggesting that this could be the final enzyme in the MEL biosynthesis pathway.
In another study, a different strategy was used to investigate the MEL production by S.
cerevisiae. Through the addition of intermediates of the pathway in the cells, at differ-
ent growth phases, intracellular and extracellular samples were analyzed to evaluate the
presence of indole compounds. The data suggest that the first step of the pathway is the
decarboxylation of TRP to tryptamine (TRY). TRY is then hydroxylated to 5OH TRY which
is converted into NAC 5OH TRY or 5OME TRY [32]. This implies that S. cerevisiae may
use more than one pathway for MEL biosynthesis. MEL, however, is not the only existing
N-acetyl-methoxindolamine. Its structural isomers have also been discovered in the past
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10 years. It has been calculated that 42 combinations could be possible considering the
position of the two side chains connected to the indole ring. From the point of view of
biological functions, the MEL isomers (MIs) show antioxidant and cytoprotective activ-
ity depending on the modification of the position of the two side chains in the indole
ring [33–35]. In recent years, investigations regarding the beneficial effects of fermented
foods on human health have increased considerably. This effect is often associated with
the metabolism of microorganisms that, proliferating in different matrices, lead to the
synthesis of neuroactive compounds [36]. As introduced above, food supplementation
with dTRPs could be considered a strategy in the prevention of several diseases. However,
dTRPs in natural sources are often in a little amount [37,38]. Thus, the natural enrichment
in TRP of food raw materials potentially fermentable by selected dTRPs high-producing
microorganisms represent a novel and feasible approach in the setup of novel functional
foods. The present study aimed at evaluating and optimizing the release of dTRPs by
S. cerevisiae EC1118 in laboratory cultural media. Then, dTRPs production was assessed
in a medium naturally enriched in TRP by soybean addition with potential functional
properties on human health. This last approach can be considered as a “case of study” since
it cannot be compared with the current literature; indeed, no studies have investigated
so far about the use of raw materials of food origin as a natural source of TRP aimed at
obtaining dTRPs.

2. Results and Discussion

This section presents the results obtained from laboratory scale cultures of S. cerevisiae
EC1118 aimed at evaluating the potential production of dTRPs both from the KYN pathway
and, partially, from the serotonin and indole degradation routes. This yeast strain is a
well-studied wine yeast strain showing a relevant fermentative fitness [39] and it was
found to release dTRPs in a previous investigation [40]. After the assessment of the main
compounds released in YNBT100 medium, the increase of the production of dTRPs was
successfully reached by optimization of the cultural medium and through experiments of
whole-cell bioconversion (WCB). Then, fermentation experiments in a medium with soy
flour, naturally rich in TRP, were performed as case of study in order to assess the effects of
yeast fermentation in the synthesis of dTRPs.

2.1. Quantitation of dTRPs during the Fermentation of S. Cerevisiae EC1118 in
YNBT100 Medium

TRP is one of the most unstable amino acids and the two parameters that can mainly
influence its stability are temperature and pH. In order to evaluate the thermal stabil-
ity of a chemically defined medium containing 100 mg/L TRP, a preliminary test was
carried out in YNBT100 in absence of inoculation applying the experimental conditions
adopted in study (25 ◦C, static, aerobic). The initial concentration of TRP was estimated
at 98.49 ± 3.16 mg/L. The concentration was detected at 101.19 mg/L ± 4.32 mg/L after
144 h from the beginning of the experiment, demonstrating that there was no significant
degradation of TRP; therefore, a decrease of TRP content in subsequent trials must be
exclusively linked to the metabolism of S. cerevisiae EC1118, employed as selected yeast in
this work.

The consumption of TRP and the cellular growth of S. cerevisiae EC1118 in YNBT100
medium during the fermentation is shown in Figure 1. The maximum level of yeast
biomass was obtained after 24 h from the inoculum (7.00 ± 0.78 × 107 CFU/mL); this
level remained stable up to 144 h. At the end of the experiment, viable cells were
reduced at 2.25 ± 0.46 × 107 CFU/mL. The content of TRP at the starting time was
104.100 ± 10.800 mg/L. According to the yeast proliferation, its consumption mainly
occurred in the first day of fermentation showing a 91.6% decrease. At 144 h from the
inoculum, the TRP was almost depleted reaching a final amount of 0.549 ± 0.001 mg/L.
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Figure 1. S. cerevisiae EC1118 growth curve in YNBT100 medium and TRP consumption.

The KYN pathway is an important metabolic pathway in which TRP is converted to
compounds with different biological functions along three different branches (Figure 2a).
The KYN route of the TRP degradation was followed throughout the kinetics production
of TRP, KYN, 3OH KYN, KYNA, AA, and 3OH AA (Figure 2b).

Figure 2. (a) Schematic view of the metabolites from the KYN pathway accumulated in YNBT100 medium and (b,c) kinetics
production of the extracellular intermediates of the KYN pathway in S. cerevisiae EC1118. (d) Kinetics production of the
extracellular intermediates of the MEL pathway in S. cerevisiae EC1118 in YNBT100.
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Preliminary dosages demonstrated the absence of the analyzed molecules in the not
inoculated cultural medium. Most of the assayed compounds increased accordingly with
the yeast biomass level in the first 24 h after the inoculation. Indeed, KYN and KYNA
accumulated in the supernatant up to 24 h (0.104 ± 0.046 and 6.603 ± 0.491 mg/L, re-
spectively). Then, both compounds showed an accumulation plateau between 24–72 h.
At 144 h, the trends of KYN and KYNA concentrations were opposite: while for KYN a
significant decrease to 0.048 ± 0.040 mg/L (p < 0.05) was observed, KYNA conversely
raised at 8.452 ± 1.516 mg/L. This finding confirms that in S. cerevisiae EC1118 the TRP con-
sumption mainly leads to the breakdown of the indole ring with the formation of KYN and
derivatives (KYN pathway) while a little proportion of reaction keep the indole ring intact
and produce chemical messengers such as indolamines (serotonine and indole derivatives
routes) [1]. Currently, there are no bibliographical references showing quantifications of
KYN pathway metabolites by the yeast strain under study but Shin and collaborators
(1991) [15] showed that Saccharomyces uvarum can potentially synthesize KYNA when TRP
is present in the cultural medium. Recently, TRP and its derivatives were quantified in
different beer samples and during the fermentation of wort by S. cerevisiae and S. pastorianus
demonstrating that differences in KYN and KYNA levels could be related to the different
fermentation conditions, process, and yeast strains [18]. In particular, S. pastorianus pro-
duced a smaller amount of the two compounds in comparison to S. cerevisiae. These results
suggest that a significant portion of TRP is metabolized by the cells as a nitrogen source for
the growth and the production of biomass; being an essential aromatic amino acid, TRP is
used by yeast for the synthesis of proteins and other cellular compounds [41]. Also, the
nitrogen requirement depends on the yeast species, explaining the observed difference in
the consumption of TRP for S. pastorianus and S. cerevisiae [19,42]. Minor changes in AA
production were detected; the evolution of this compound was quite stable during the
experiment except for the sample point at 48 h where a significant but slight decrease of
the molecule was found. On the contrary, a peak corresponding to the highest extracellular
release of 3OH AA occurred at 72 h (0.355 ± 0.037 mg/L), when cells were in stationary
phase. 3OH KYN failed to be accumulated in the medium.

Regarding the MEL biosynthesis pathway, 5OH TRP, serotonin (5OH TRY), NAC
SER (NAC 5OH TRY), and MEL were measured, together with TEE (Figure 2c) and other
potential MIs. Serotonin was the only intermediate detected. Its production trend was
similar to the one of TEE up to 48 h. While the serotonin concentration was stable until
the end of the trial, the TEE content decreased at the sampling time 72 h reaching its
lowest value (between 0.004–0.007 mg/L). TEE was probably used by the yeast as a TRP
source in the serotonin route since the amino acid in the medium was almost completely
depleted already after 24 h from the beginning of the fermentation. 5OH TRP and NAC
SER (NAC 5OH TRY) were never detected under the adopted experimental conditions.
Moreover, unlike to what was observed for S. cerevisiae EC1118 [40], MEL levels were
under the detection limit in the analyzed supernatants. This result could explain a poor
technical caution in handling the samples that determined a rapid conversion of MEL to
other indoles [43–45] or conversely, to confirm the already reported inconsistency in MEL
release observed among biological replicates during yeast fermentations in standardized
growth conditions [46]. However, the TRP metabolism of S. cerevisiae appears very sensitive
to micro-environmental situation and physiological cell state. Indeed, Muniz-Calvo and
collaborators (2019) were unable to detect melatonin formation in S. cerevisiae cultivated
under different growth systems after tryptophan supplementation [32]; only by pulsing
yeast cells with serotonin the melatonin production was observed. These results suggest
that the TRP uptake and its further transformation to serotonin are heavily dependent by
growth conditions and they are key elements in the MEL biosynthesis pathway.

The release of two MIs at 4.7 min (MI1) and 5.6 min (MI2) retention times was mea-
sured (Figure 3). Literature reports that S. cerevisiae EC1118 is capable to produce MIs [40];
however, also their accumulation can significantly vary among the biological replicates or
under different experimental conditions. In order to verify whether the formation of MIs
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was consistent in the biological replicates, three independent six-well plate yeast cultures
of S. cerevisiae EC1118, prepared inoculating different pre-cultures obtained from different
glycerol stocks, were monitored over the time. The analysis of variance and the grouping
test of the mean values and the relevant sum of the two isomers showed differences statisti-
cally significant (p < 0.05) at the sampling times 24–48, 72, and 144 h (Table 1). This outcome
suggests that MIs production is potentially dependent by the yeast growth phase and that,
in YNBT100 medium, the higher release of MIs is obtained at 72–144 h. Contrarily, the
ANOVA of the means of the ratio (MI1/MI2) resulted not significant along the sampling
times (Table 1) indicating that the N-acetylserotonin methyltransferase enzyme, involved
in the synthesis of MEL and its possible isomers, maintained a stable accumulation of the
derived products (MI1 and MI2) during the yeast growth.

Figure 3. Melatonin isomers (MI) production by S.cerevisiae EC1118. Chromatogram in (A) shows the melatonin transition
(m/z 233.2 > 174.2) of a pure standard containing melatonin (MEL, rt 6.80) tryptophan ethyl ester (TEE, rt 6.11) both at a
concentration of 2 ng/mL and internal standard (MEL OCD3, rt 6.84, m/z 236.2 > 177.2, black). Chromatograms in (B) show
the superimposition of melatonin trace (m/z 233.2 > 174.2) from three different S. cerevisiae EC1118 fermentation supernatants
at 24 h (blue), 48 h (red), and 72 h (green). In (B) is evident the absence of the melatonin peak that should be expected at
the same retention time of its labeled analogue (rt 6.80, black). Among melatonin isomers in fermentation medium it was
evidenced the presence of tryptophan ethyl ester (TEE, rt 6.06) and two isomers, named MI1 (rt 4.70) and MI2 (rt 5.6), with a
not-elucidated structure.

Table 1. MI1 and MI2 productions. Letters indicate different significant values (p < 0.05) at the yeast growth phases (24,
48, 72, and 144 h). Concentrations of MIs and their sums are here expressed in µg/L, considering the melatonin response.
Letters indicate the grouping information using the Fisher LSD Method and 95% confidence.

Time (h)
YNBT100 YNBT400

MI1 MI2 Sum MI1/MI2 MI1 MI2 Sum MI1/MI2

24 14.6 ± 1.7 a 6.9 ± 1.0 a 21.8 ± 1.5 a 2.2 ± 0.4 54.8 ± 1.4 a 24.3 ± 6.2 a 79.1 ± 4.9 a 2.4 ± 0.7
48 14.2 ± 2.0 a 6.4 ± 1.5 a 20.6 ± 3.0 a 2.3 ± 0.4 99.5 ± 5.0 b 42.3 ± 6.0 b 141.8 ± 1.3 b 2.4 ± 0.4
72 20.4 ± 2.7 b 10.4 ± 1.6 b 30.7 ± 3.8 b 2.0 ± 0.3 109.5 ± 2.5 c 44.7 ± 3.7 b 154.2 ± 6.0 c 2.5 ± 0.2

144 27.8 ± 1.7 c 11.2 ± 1.2 b 38.9 ± 2.3 c 2.5 ± 0.3 106.2 ± 8.5 bc 37.5 ± 1.8 b 143.6 ± 9.9 b,c 2.8 ± 0.2
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2.2. Production of dTRPs in YNBT400 Medium and in WCB Trials

In order to optimize the release of dTRPs by S. cerevisiae EC1118, fermentation and
whole-cell biocatalysis processes were set up. In the first approach the growth test was
performed in YNBT400 medium for 144 h, whereas in the second one the biotransformations
were carried out in a buffer with TRP excess for 24 h. The comparison of these two
approaches might be useful to assay the production of commercially valuable compounds
that can be used in pharmaceutical and cosmetics fields or in the food and beverages
sectors [47].

As far the fermentations in YNBT400 medium, the cultural broth was prepared with
400 mg/L TRP and increasing the carbon and nitrogen sources, vitamins, salts, and trace
elements. In general, the fermentation trend YNBT400 medium in 144 h was comparable
to the one obtained in YNBT100 medium for the entire duration of the experiment (data
not shown), showing a considerable increase of cells in the first 24 h; however, at this
time point a two-fold increase in yeast cell count was registered (7.00 ± 0.07 × 107 versus
1.40 ± 0.11 × 108 CFU/mL in YNBT100 and YNBT400, respectively). At 48 h from the
inoculation, glucose become a limiting factor for the yeast proliferation being almost
depleted (0.0030 ± 0.0001 g/L). Accordingly, TRP consumption was rapid and it occurred
almost completely within 48 h (Figure 4). However, the decrease of the cell viability did
not correspond with a decrease in the optical density, which remained constant between
24–144 h (data not shown). This result suggests that cell autolysis did not occur under the
investigated growth conditions.

Figure 4. S. cerevisiae EC1118 growth curve in YNBT400 medium and TRP consumption.

As described for the YNBT100 medium, a TRP catabolism oriented towards the KYN
pathway was confirmed (Figure 5). Despite the biomass improvement, a significant increase
in all the dTRPs analyzed in this study was not always obtained. While KYNA and 3OH AA
(9.146 ± 0.585 and 0.101 ± 0.013 mg/L, respectively) reached concentrations comparable
to the levels found in YNBT100 medium, four-fold higher KYN and MIs amounts were
detected in YNBT400 cultures (Table 1).
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Figure 5. TRP derivatives produced by S. cerevisiae EC1118 in YNBT400 medium. Error bars indicate the standard deviation.

Concerning the whole-cell biotransformation experiments, after yeast biomass was
harvested and washed from pre-cultures grown in a rich medium, cells were suspended
in the biocatalysis buffer containing 1 g/L TRP and glucose. The high TRP concentration
aimed at forcing the production of dTRPs. The presence of glucose in the biotransformation
medium represents an important element for the metabolic activity of cells since it helps
cells restoring the redox potential, given by the NAD+/NADH ratio, and other cofactors
such as ATP and those of the TCA cycle (i.e., 2-oxoglutarate, acetyl-CoA). After 24 h
from the beginning of the WCB experiments glucose was depleted and a significant cell
biomass increased was not detected (1.107 ± 0.012 OD600/mL at the inoculum time versus
1.123 ± 0.017 OD600/mL at 24 h). As observed in YNBT400 trials, cell autolysis did not occur
(data not shown). TRP consumption was about 390 mg/L (from 923.41 ± 25.46 mg/L to
529.14 ± 46.57 mg/L); this amount was comparable with the one observed in fermentation
tests in YNBT400 medium in 24 h, where about 410 mg/L TRP (from 413.32 ± 12.40 mg/L
to 21.43 ± 0.047 mg/L) were used by cells. Only KYN, TRY, and 5OH TRY started to be
accumulated immediately after 15 min from the beginning of the experiment, reaching a
maximum concentration between 4 and 24 h of 0.653 ± 0.052 mg/L, 0.066 ± 0.001 mg/L,
and 0.096 ± 0.010 mg/L, respectively (Figure 6).

The results confirm that S. cerevisiae EC1118 decarboxylates the TRP to TRY [32]. The
extra and intracellular production of MEL and indoles in S. cerevisiae by adding inter-
mediates to cells in different growth phases (exponential and stationary) was recently
evaluated [32]; these authors revealed that serotonin mainly derived from the decarboxyla-
tion of TRP, followed by hydroxylation of TRY, as occurs in plants. Thus, MEL biosynthesis
from serotonin can occur by N-acetylation followed by O-methylation or vice versa. KYNA,
AA, NAC 5OH TRY, MI1, and MI2 were only detected at the end of the experiment (at
144 h) at 0.199 ± 0.014 mg/L, 0.052 ± 0.004 mg/L, 0.027 ± 0.006 mg/L, 0.201 ± 0.025 mg/L
and 0.102 ± 0.016 mg/L, respectively. The synthesis of 5OH TRP, by TRP hydroxylase,
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was not detected. However, since 5OH TRP is an intermediate of the MEL biosynthesis
pathway, further tests like a fluxomic analysis would be necessary to have more indications
on its fate.

Figure 6. TRP derivatives produced by S. cerevisiae EC1118 in WCB experiments. Error bars indicate the standard deviation
among the mean values of biological replicates.

In order to directly compare the concentrations of the dTRPs synthesized in fermenta-
tions in YNBT400 and in WCB experiments, normalized data against the biomass levels
and the fold change between the considered approaches were calculated (Table 2). This
estimation was possible because at 24 h from the beginning of both processes the obtained
dTRPs may potentially derive from a comparable TRP consumption (about 400 mg/L TRP,
as an average). KYNA was the only compound that showed a higher concentration in
fermentations in YNBT400 compared to the WCB tests (about 8 times). The other dTRPs
gained higher concentrations in WCB experiments. Thus, depending on the compound
a fermentation or a bioconversion can be settled; briefly, KYN increased 35 times, TRY
15 times, 5OH TRY 14 times, MI1 and MI2 15 and 24 times, respectively in bioconversion in
respect to the fermentation (Table 2).

Table 2. Comparison of the production of dTRPs in fermentations in YNBT400 medium and in WCB experiments at 24 h.
The productions were normalized against the yeast biomass and expressed as mg L−1 10−8 cells. The fold change of the
main dTRPs was calculated as the ratio between the concentration of the corresponding metabolite in the two investigated
approaches.

dTRPs YNBT400 (mg L−1 10−8 Cells) WCB (mg L−1 10−8 Cells) Fold Change

KYNA 5.449 ± 0.276 0.622 ± 0.000 8.76
KYN 0.044 ± 0.003 1.538 ± 0.008 0.029
TRY 0.014 ± 0.004 0.206 ± 0.010 0.068

5OH TRY 0.022 ± 0.003 0.301 ± 0.008 0.073
MI1 0.040 ± 0.003 0.626 ± 0.035 0.064
MI2 0.015 ± 0.003 0.354 ± 0.024 0.042
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2.3. dTRPs from YNB-Soybean-Based Culture Medium

In order to evaluate the capability of S. cerevisiae EC1118 to release dTRPs in a food-
based matrix naturally rich in TRP, an experiment in a soybean-based cultural medium
(YNBSOY) was set up as a case of study. Nowadays, the beneficial effects on human health
of several raw materials fermented throughout spontaneous or controlled processes has
been proposed [48,49]. Thus, showing that the supply of dTRPs with diet—including
KYNA, 5OH TRY, or MEL and its isomers—could be implemented by the consumption
of fermented foods represents a health and marketing plus value concept. Vitalini and
co-authors (2020) [50] have recently demonstrated that toasted soybean flour treated by a
water extraction at room temperature allows to obtain free TRP potentially bioavailable
during yeast fermentation as precursor of dTRPs. The controlled fermentation of the
YNBSOY medium with S. cerevisiae EC1118 showed a high fermentative power; indeed,
a weight loss of about 10 times higher was obtained at 72 h in comparison to the control
(not inoculated). Contrarily to what was observed in previous fermentations in YNBT100
and YNBT400 media, the yeast growth increased up to the end of the trials. Glucose
was completely consumed in 72 h (0.015 ± 0.009 g/L); however, in the control sample
it decreased (from 47.632 ± 0.188 to 37.880 ± 1.126 g/L) indicating the presence of an
indigenous soy flour microbiota that could trigger uncontrolled spontaneous fermentations.
An increase in acetic acid concentration (from 0.126 ± 0.004 to 0.192 ± 0.001 g/L) was
detected in the inoculated YNBSOY medium. Generally, S. cerevisiae is characterized by low
production of acetic acid, with an average value of 300 mg/L [51]; the yeast under study,
being an oenological strain, produces smaller quantities in the conditions under study. On
the other hands, a more consistent increase in acetic acid concentration (0.302 ± 0.001 g/L),
possibly attributable to the development of microorganisms already present in the flour,
was observed in the control.

Regarding the TRP available as substrate for indoles production, its initial concentra-
tion was detected at 61.301 ± 2.310 mg/L. Since YNBSOY is a YNB-based medium (already
containing 20 mg/L TRP), it can be calculated that the soybean flour naturally enriched
the growth culture of about 40 mg/L TRP. At the end of the experiment the TRP concen-
tration was measured at 6.170 ± 0.003 mg/L. A preliminary investigation concerning the
dTRPs content in YNBSOY medium revealed that some indoles were already present at
the inoculum time; however, depending on the compound different fates were observed
during the fermentation (Figure 7). While a decrease trend was found for KYN (from
0.039 ± 0.007 to 0.016 ± 0.004 mg/L), AA (from 0.027 ± 0.003 to 0.004 ± 0.001 mg/L),
and 5OH TRP (0.090 ± 0.001 to 0.077 ± 0.005 mg/L), other compounds such as KYNA
(from 0.009 ± 0.001 to 0.0137 ± 0.002 mg/L), TEE (from 0 to 0.006 ± 0.001 mg/L), and
5OH TRY (from 0.026 ± 0.001 to 0.036 ± 0.003 mg/L) increased. No significant variation of
TRY and NAC 5OH TRY was observed. The two isomers, MI1 and MI2, detected in the
fermentation trials in YNBT100 and YNBT400 media, failed to be released. Once again, the
cultural conditions proved to be a key factor in the production of derivatives from the MEL
biosynthesis pathway.
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Figure 7. TRP derivatives produced by S. cerevisiae EC1118 in fermentation experiments in YNBSOY medium. Error bars
indicate the standard deviation among the means of biological replicates. Letters indicate the grouping information using
the Fisher LSD Method and 95% confidence.

3. Materials and Methods
3.1. Yeast Strain

The yeast strain used in this work is Saccharomyces cerevisiae EC1118, commercial wine
strain. The pure culture is maintained in YPD medium (1% yeast extract, 2% peptone, 2%
glucose (w/v)) with 20% (v/v) glycerol at −80 ◦C.
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3.2. Growth Conditions in YNB-Based Media

To evaluate the production of TRP derivatives (dTRPs) by S. cerevisiae EC1118, the
strain was preliminary grown in a chemically defined cultural medium (20 g/L glucose;
6.7 g/L yeast nitrogen base (Difco, Heidelberg, Germany), pH 5.4) containing 20 mg/L
TRP as a precursor (YNBT20). Then, the experiment was conducted in YNBT100 containing
a final TRP concentration of 100 mg/L; to obtain this TRP amount, the amino acid was
supplemented into YNBT20 medium as a stock solution (4 mg/mL) prepared in sterile
demineralized water (sdH2O) and sterilized by filtration with 0.22 µm filters, immediately
before inoculation. Growth tests were performed in sterile six-well plates with 10 mL
of YNBT100 medium at 25 ◦C, 110 rpm Briefly, from the glycerol stock the yeast strain
was preliminarily inoculated in three separated tubes containing 5 mL of YPD medium
at 25 ◦C for 24 h to obtain biological replicates. From the three pre-cultures, cells in the
exponential growth phase [about 2–4 OD600nm measured in a UV–vis spectrophotometer,
Jenway 7305, Stone, United Kingdom)] were inoculated at 1% (v/v) in three clean and
sterile tubes containing 5 mL of YNB-based medium without amino acids [20 g/L glucose;
6.7 g/L YNB without amino acids, pH 5.4] at 25 ◦C for 72 h. Replicates were centrifuged
at 4000 rpm (Hettich Zentrifugen, Rotina 380r, Tuttlingen, Germany) for 10 min, cells
were washed with sdH2O and further centrifuged under the above-mentioned conditions.
Each cell pellet was resuspended in three clean and sterile tubes containing 5 mL of YNB
medium without amino acids and glucose [6.7 g/L YNB without amino acids, pH 5.4]
for 24 h to allow nutrients depletion. Then, starved yeasts were centrifuged at 4000 rpm
(Hettich Zentrifugen, Rotina 380r, Tuttlingen, Germany) for 10 min and resuspended in
2 mL of sdH2O. A 6-well plate was inoculated at 0.2 OD600nm per well from each pre-
culture. The plates were sealed with sterile parafilm to avoid any possible contamination.
In addition, they were covered with aluminum foil to preserve the dTRPs from oxidative
photodegration. The experiment lasted 144 h and the monitoring of the growth (by OD600nm
measurement and by cell plate counting) and the production of dTRPs was carried out at
0, 24, 48, 72, and 144 h after inoculation. Regarding the cell count, 100 µL of appropriate
decimal serial dilutions in sdH2O water were spread on Petri dishes containing WL nutrient
agar medium (Scharlab, Barcelona, Spain) and, after incubation at 25 ◦C for 3 days, the
colonies were enumerated. For the quantification of dTRPs, 1 mL of culture was collected
from two wells/plate, centrifuged at 10,000× g for 10 min and supernatants were 0.22 µm
filtered and stored at −20 ◦C for further LC-MS/MS analysis. The analysis was carried out
in triplicate on each biological replicate.

3.3. TRP Conversion Tests

A sterile six-well plate containing 10 mL of YNBT100 medium per well was placed
at 25 ◦C, 110 rpm, the same experimental conditions further used in this study, for 6 days
monitoring the content of TRP at 0, 24, 48, 72, and 144 h. The plate was sealed with sterile
parafilm and covered with aluminum foil. One mL of medium was collected at each
sampling time from three wells and the supernatant were 0.22 µm filtered and stored at
−20 ◦C until to be subjected to the LC-MS/MS analysis.

3.4. Optimization of the Production of dTRPs: Approaches and Experimental Conditions

In order to increase the quantity of biomass produced and, consequently, the dTRPs
formed by S. cerevisiae EC1118, two experiments were developed under different conditions:
fermentation growth test in an optimized cultural medium (YNBT400) and whole-cell
bioconversion (WCB) trials.

3.4.1. YNBT400 Trials

All tests were prepared in sterile 250 mL flasks, closed with sterile cotton caps, con-
taining 100 mL of YNBT400 medium (100 g/L glucose; 26.8 g/L yeast nitrogen base (Difco,
Heidelberg, Germany), pH 5.4) containing 400 mg/L TRP as precursor of dTRPs. The yeast
strain was first inoculated into YPD medium. Flasks were inoculated at 0.2 OD600nm and

196



Int. J. Mol. Sci. 2021, 22, 472

incubated at 25 ◦C, 110 rpm for 6 days. Monitoring of cell growth was carried out at 0,
24, 48, 72, and 144 h by evaluating optical density at 600 nm (UV–vis spectrophotometer,
Jenway 7305, Stone, United Kingdom) and plate count on WL nutrient agar medium.
Residual glucose was determined with an enzymatic kit (K-FRUGL assay kit-Megazyme,
Wicklow, Ireland). All tests were performed in triplicate.

3.4.2. WCB Trials

Experiments were carried out to evaluate the capability of S. cerevisiae EC1118 to
produce dTRPs working as a cell factory using TRP as a precursor. WCB trials were
carried out with a total yeast biomass of 350 OD600nm. Three biological replicates were
prepared in flasks at 25 ◦C, 110 rpm, in 300 mL bioconversion buffer containing 0.1 M
phosphate buffer pH 6.7, 1 g/L TRP and 20 g/L glucose. Briefly, a pre-culture in 100 mL
of YPD medium was obtained by inoculating the strain at 1% (v/v) from glycerol stocks
and incubated for 24 h at 25 ◦C under stirring at 110 rpm. Then, cells were centrifuged
at 4000 rpm (Hettich Zentrifugen, Rotina 380r, Tuttlingen, Germany) for 10 min, washed
with sdH2O and further centrifuged under the above-mentioned conditions. The cell pellet
was resuspended in 100 mL of YNB without amino acids and glucose, overnight incubated
at 25 ◦C at 110 rpm for nutrient depletion. Then, biomass was spectrophotometrically
determined (600 OD/mL) and a volume of cell suspension corresponding to a total biomass
of 350 OD600nm was centrifuged at 4000 rpm (Hettich Zentrifugen, Rotina 380r, Tuttlingen,
Germany) for 10 min, cells were washed with 20 mL sdH2O, centrifuged again at the same
above conditions and transferred to the bioconversion flask. The experiment lasted 24 h
and the production of dTRPs was evaluated at 0, 15, and 30 min; and 1, 2, 4, and 24 h
after the inoculation. One mL of culture was collected from the three biological replicates,
centrifuged at 10,000× g for 10 min and the supernatants were 0.22 µm filtered and stored
at −20 ◦C until to be subjected to the LC-MS/MS analysis. The final glucose concentration
was measured via enzymatic kit (kit-Megazyme, Wicklow, Ireland).

3.5. TRP Extraction from Toasted Soybean

The organic soy flour was purchased from the “Fior di Loto” company (Turin, Italy).
An aliquot of flour was placed in a fan oven for 24 h at 50 ◦C before extraction to eliminate
as much water as possible. Different techniques were applied for the extraction of TRP
from the food matrix, in order to compare their efficiency: Soxhlet extraction, methanol
extraction at room temperature and extraction in water at room temperature [50]. All
procedures were performed in low light conditions, to prevent degradation of metabolites.
The extractions were set up in triplicates.

3.5.1. Soxhlet Extraction

The extraction with Soxhlet apparatus was performed following two different proce-
dures: (i) 21 grams of toasted soybean flour were first defatted with petroleum ether and
dichloromethane and subsequently extracted with methanol; (ii) The soy flour was also
subjected to extraction in Soxhlet directly in methanol. Each obtained extract was dried
with a rotary evaporator, frozen at −80 ◦C overnight and freeze-dried for about 5 h. The
lyophilized sample was then stored at 4 ◦C until analysis.

3.5.2. Methanol Extraction at Room Temperature

A mixture of flour and methanol (1:10, w/v) was sonicated for 10 min, then stirred for
20 min (DLAB SK-O180-E). After decanting, the supernatant was centrifuged at 28,000× g
for 10 min and filtered with 0.22 µm nylon filters. The extraction was repeated, and the
combined supernatants were stored at −20 ◦C until analysis.

3.5.3. Extraction in Water at Room Temperature

A mixture of flour and distilled water (1:10, w/v) was sonicated, then stirred for 20 min
(DLAB SK-O180-E). After decanting, the supernatant was centrifuged at 28,000× g for
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10 min and filtered with 0.22 µm nylon filters. The obtained sample was stored at −20 ◦C
until analysis.

3.6. Fermentation Tests in Soybean Flour

A triplicate destructive test was set up in 100 mL sterile flasks containing 15 g of
toasted organic soybean flour and 45 mL of YNBT20 medium added with 50 g/L of glucose
(YNBSOY). Experiments were run at 25 ◦C for 72 h, in anerobiosis with GasPack jar system
(Merck Millipore, Burlington, MA, USA). The yeast was preliminarily inoculated in YPD
at 25 ◦C for 48 h. Each flask was inoculated at 0.2 OD600nm. Three non-inoculated flasks
were also set up as a negative control. The microbial growth was monitored by flask
weight loss due to CO2 loss and cell plate count at 0, 24, 48, and 72 h after inoculation.
The flasks were weighed daily with a technical balance until a constant weight. Cell count
was determined on WL agar medium after incubation at 25 ◦C for 2–3 days. At each
sampling time, supernatants for the determination of glucose, acetic acid, and dTRPS was
collected as well: 1 mL of culture was collected and centrifuged at 11,000× g for 15 min.
The supernatants were 0.22 µm filtered and frozen at −20 ◦C. Glucose and acetic acid
were determined with enzymatic kits (kit-Megazyme, Wicklow, Ireland). All tests were
performed in triplicate. The production of dTRPs was measured by LC-MS/MS analysis.

3.7. Chemical Analysis of TRP Derivatives

Methanol and formic acid (FA) were purchased from Sigma-Aldrich (Milan, Italy).
All the aqueous solutions were prepared using Milli-Q purified water (Millipore, Milan,
Italy). The pure chemical standards (analytical grade) of TRY, NAC TRY, 5OH TRY, 5OME
TRY, NAC 5OH TRY, 5F TRY, 5OH TRP, TRP, TRP D5, TEE, AA, 3OH AA, KYNA, KYN,
3OH KYN, and MEL were purchased by Sigma-Aldrich (St. Louis, MO, USA). The isotopic
isomer MEL OCD3 was synthesized by Prof. Andrea Penoni (Department of Science and
High Technology, University of Insubria, Varese, Italy).

3.7.1. Purification of Supernatants Deriving from Yeast Fermentation

Supernatants deriving from fermentation (10 µL) were added to 50 µL of MIX IS
(internal standards) (20 ng of TRP D5, 1 ng of 5F TRY and 1.1 ng of MEL OCD3) and
100 µL of precipitating solution (methanol + 0.5% FA). After stirring by vortexing and
centrifugation 5 min at 12,000 rpm (Hettich Zentrifugen, MIKRO200, Tuttlingen, Germany),
100 µL were taken and dried under nitrogen. Subsequently, the sample was resuspended
with 50 µL of dH2O + 0.5% FA and 10 µL were injected directly into LC-MS/MS.

3.7.2. Selective Extraction of Melatonin from Yeast Fermentation

Supernatants deriving from the fermentations (500 µL) were added to 50 µL of MIX IS;
subsequently, they were purified by solid-phase extraction (SPE) with Strata X-Polymeric
Reversed Phase 30 mg/1 mL (Phenomenex, Torrance, CA, USA) [52]. Before use, the
cartridges were conditioned with 1 mL of methanol and 1 mL of dH2O. The samples,
diluted with water to 1 mL as final volume, were loaded into the cartridges and then
washed with 1 mL of water and 1 mL of 5% MeOH (v/v). After 5 min of vacuum drying to
remove the excess of water, the residual compounds were eluted with 1 mL of methanol.
The eluate was dried by nitrogen, the residue was resuspended with 100 µL of dH2O +
0.5% FA and 10 µL was injected for LC-MS/MS analysis.

3.7.3. LC-MS/MS Analysis for the Detection of dTRPs

The analytical system consisted of an HPLC coupled to a tandem mass spectrometer,
specifically a Dionex 3000 UltiMate instrument (Thermo Fisher Scientific, MA, USA) cou-
pled to a tandem mass spectrometer (AB Sciex 3200 QTRAP, Concord, ON, Canada). The
separation was obtained on reverse phase Zorbax Eclipse XDB-C18 (4.5 × 50 mm, 1.8 µm).
The linear gradient was obtained by mixing the eluent A (dH2O + 0.1% of formic acid) and
eluent B (methanol + 0.1% of formic acid). The elution gradient was set as follows: 0–1 min
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(20% B), 1–5 min (20–60% B), 5–7 min (60% B), 7.0–7.2 min (60–95% B), 7.2–8.2 min (95% B),
8.2–8.5 min (95–5% B), 10 (5% B). The flow rate was 0.4 mL/min, and the column tempera-
ture 40 ◦C. Multiple reaction monitoring (MRM) mode was used in electrospray positive
mode (Table A1, Appendix A). A quantitative analysis was performed interpolating each
area of the analyte peak/IS area with the calibration curve of each derivative of the TRP.
Further analytical details can be found in [50].

3.7.4. Validation of the Analytical Method

The method performances (specificity, precision, accuracy, linearity, the limit of
detection (LOD) and limit of quantification (LOQ)) were reported in full details else-
where [50]. The LOQ (the lowest concentration that produces a signal-to-noise ratio greater
than 10) of analytes extracted from medium following the described procedure ranged
from 2–50 ng/mL. The performance of melatonin extracted by SPE was studied in a
range of 2–0.25 ng/mL and resulted to be acceptable for our purposes (linearity equation
y = 0.7582× −0.0062, coefficient of determination R2 0.994, LOQ 50 pg/mL and LOD
20 pg/mL).

3.8. Statistical Analysis

Where indicated the results were reported as mean ± standard deviation. Significant
differences (p < 0.05) were evaluated by analysis of variance (one-way ANOVA) by using
MINITAB Statistical Software 19 (Pennsylvania State University, PA, USA). Grouping
information was determined using the Fisher LSD Method and 95% confidence.

4. Conclusions

Thanks to the advent of microbiological and chemical cutting-edge researches, many of
the health benefits attributed to fermented foods and beverages are nowadays recognized.
In particular, omics studies of traditional fermented foods have highlighted the microbiota
of several spontaneous fermentations, revealing its role in the production of bioactive
molecules [48]. The involvement of yeasts in the fermentation of several raw materials
is well recognized in numerous productions, starting from the manufacture of alcoholic
beverages (wine, beer, cider, and fruit wines) to fermented cereal-based doughs, and dairy,
meat and fish products [53]. Yeasts share with animals several metabolic pathways which
are relevant reservoirs of functional molecules, TRP derivatives above all [49]. The present
study revealed the presence of variable amounts of dTRPs with a prevalence of metabolites
of the KYN pathway, emphasizing that TRP metabolism of S. cerevisiae EC1118 pushed in
this direction. The LC-MS/MS analysis showed that the compound synthesized in higher
concentrations is KYNA, a molecule with neuroprotective and antioxidant properties. The
fermentation in YNBT400 resulted the most promising approach for KYNA production
which reached the highest concentrations (9.146 ± 0.585 mg/L). In comparison to literature
data, the maximum concentration of KYNA measured in the post-culture medium was
higher than KYNA levels in plasma of healthy subjects (5.8 ng/mL) [54] and milk of
healthy breast-feeding women (3.9–56.6 microg/L) [55]. In addition, KYNA was detected
in artificial baby formulas at lower concentrations (5.0–7.3 microg/L) [55]. Therefore, the
supraphysiological levels of KYNA found in our experiments may exert therapeutic effects
in human, even if the latter were mainly investigated in patients with neurological and
psychiatric disorders in relation to brain and cerebrospinal fluid KYNA [56]. It is worth
noting that the supplementation of rat maternal diet with KYNA in drinking water resulted
in its increase in milk harvested, and the rat offspring fed with breast milk with artificially
enhanced KYNA content demonstrated a lower mass gain during the first 21 days of life,
which indicates that KYNA may act as an anti-obesity agent, as demonstrated from the body
composition analysis [55]. Although the KYNA obtained in this way should be purified
from the medium, probably with high costs compared to the organic synthesis, this work
highlights the chance to obtain functional foods enriched with molecules with nutritional or
therapeutic potential throughout the use of natural biological systems. Cells, for example,
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could be naturally oriented towards the production of specific dTRPs by enriching the
cultures with more specific precursors other than TRP. However, the feasibility of the
method proposed as an alternative approach of obtaining bioactive metabolites using
biological systems needs to be evaluated, in terms of costs, instruments, time required, and
yield.

As far MEL, detectable amounts were not measured in our experimental conditions
(LOQ 50 pg/mL and LOD 20 pg/mL). However, two MEL isomers were successfully
detected both in fermentation in YNBT400 and WCB experiments. In general, since the
production of dTRPs could be a species- and strain-specific character [40] a full screening
of dTRPs capable yeasts from wine, brewer and distillery should be performed in future
investigations.

In conclusion, considering the high interest toward the dTRPs in the panorama of
functional foods, the results of the present research provide the basis for in-depth studies
on the effects of fermentation in the synthesis of compounds with important bioactive
properties in novel food products.
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Abbreviations
TRY Tryptamine
NAC TRY N-Ac Tryptamine
5OH TRY 5-OH Tryptamine or Serotonin
5OME TRY 5-OCH3 Tryptamine
NAC 5OH TRY N-Ac-5-OH Tryptamine
5F TRY; IS1 5-F Tryptamine
5OH TRP 5-OH Tryptophan
TRP Tryptophan
TRP D5; IS2 Tryptophan D5
TEE Tryptophan Ethyl Ester
AA Anthranilic acid
3OH AA 3-OH Anthranilic acid
KYNA Kynurenic acid
KYN Kynurenine
3OH KYN 3-OH Kynurenine
MEL Melatonin or N-Ac-5- OCH3 Tryptamine
MEL OCD3, IS3 Melatonin OCD3
SPE Solid Phase Extraction

200



Int. J. Mol. Sci. 2021, 22, 472

Appendix A

Table A1. MRM transitions for LC-MS/MS analysis of indolic species. Each subclass is preceded by
the correspondent IS (in italics) used for quantification.

Name MW Q1 Q3 DP CE Rt

5F TRY(IS1) 178 179.2 162.2 20 15.2 3.89
TRY 160 161.2 144.2 20 14.8 2.89

5OH TRY (or Ser) 176 177.2 160.2 20 14.7 1.30
5OCH3 TRY 190 191.2 174.2 20 14.3 3.13

NAc TRY 202 203.2 144.2 20 19.1 6.87
NAc 5OHTRY (or N-Ac SER) 218 219.2 160.2 20 18.5 3.71

TRP D5 (IS2) 209 210.2 192.2 20 14.8 3.03
3OH AA 153 154.1 135.9 21 17.0 2.91

3OH KYN 224 225.1 208.1 16 13.0 1.30
AA 137 138.1 119.8 21 15.0 5.63

KYNA 189 190.1 89.1 36 51.0 4.56
KYN 208 209.2 192.2 21 15.0 1.72
TRP 204 205.2 188.2 20 13.4 3.12
TEE 232 233.2 216.2 20 13.1 6.06

5OH TRP 220 221.1 204.2 16 15.0 1.60

MEL OCD3 (IS3) 235 236.2 177.2 20 19.1 6.80
MEL 232 233.2 174.2 20 18.8 6.84

MW: molecular weight, Q1: molecular ion, Q3: daughter ion, DP: declustering potential, CE: collision energy, Rt:
retention time.
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Abstract: L-5-hydroxytryptophan (5-HTP) is both a drug and a natural component of some dietary
supplements. 5-HTP is produced from tryptophan by tryptophan hydroxylase (TPH), which is
present in two isoforms (TPH1 and TPH2). Decarboxylation of 5-HTP yields serotonin (5-hydroxytryp
tamine, 5-HT) that is further transformed to melatonin (N-acetyl-5-methoxytryptamine). 5-HTP
plays a major role both in neurologic and metabolic diseases and its synthesis from tryptophan
represents the limiting step in serotonin and melatonin biosynthesis. In this review, after an look at
the main natural sources of 5-HTP, the chemical analysis and synthesis, biosynthesis and microbial
production of 5-HTP by molecular engineering will be described. The physiological effects of 5-HTP
are discussed in both animal studies and human clinical trials. The physiological role of 5-HTP
in the treatment of depression, anxiety, panic, sleep disorders, obesity, myoclonus and serotonin
syndrome are also discussed. 5-HTP toxicity and the occurrence of toxic impurities present in
tryptophan and 5-HTP preparations are also discussed.

Keywords: 5-hydroxytryptophan; natural sources; microbial production; biosynthetic pathways;
physiological effects; animal; human

1. Introduction

L-5-hydroxytryptophan (5-HTP) is produced from tryptophan by tryptophan hy-
droxylase (TPH) and its decarboxylation yields serotonin (5-hydroxytryptamine, 5-HT),
a monoamine neurotransmitter involved in the modulation of mood, cognition, reward,
learning, memory, sleep and numerous other physiological processes [1]. 5-HT is further
transformed to melatonin (N-acetyl-5-methoxytryptamine), the hormone primarily released
by the pineal gland that regulates the sleep–wake cycle [2,3]. Therefore, the biosynthesis
of 5-HTP is important and necessary for the production of key molecules such as 5-HT
and melatonin. 5-HTP also plays a major role both in neurologic and metabolic diseases
and its synthesis from tryptophan represents the limiting step in 5-HT and melatonin
biosynthesis [4]. The occurrence of 5-HTP is not limited to animals or humans and the
molecule is produced by lower and higher plants, mushrooms and microbes (see below).

5-HTP is both a drug and a natural component of some dietary supplements and occur-
rence in both synthetic tryptophan and 5-HTP of toxic impurities has caused eosinophilia
myalgia syndrome cases [5–8]; therefore, accurate chemical analyses and characterization
have been developed. Recently, microbial engineering allowed the production of 5-HTP
from alternative biosynthetic routes, opening the interesting possibility of better controlling
the presence of contaminants.

This review describes the natural sources of 5-HTP, which represent the raw mate-
rial from which 5-HTP may be extracted and purified for its use in drugs and dietary
supplements, as well as alternative microbial synthesis that is considered a stable and
sustainable way to provide a constant supply of the molecule. Chemical synthesis and
chemical analysis of 5-HTP are discussed, along with the major biochemical pathways
involved in 5-HTP biosynthesis and transformation, with particular reference to tryptophan
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hydroxylase. The physiological role of 5-HTP is discussed by considering both animal
studies and human clinical trials. The toxicology of 5-HTP and the potential occurrence of
toxic impurities are also discussed.

2. Databases, Exclusion and Inclusion Criteria

The strategy that was implemented to carry out this review was based on a deep
search in the databases Web of Science (1985–2020) and PubMed (1940–2020) by consid-
ering, as the main entry, the term 5-hydroxytryptophan. The total number of Web of
Science Core Collection papers was 1857, whereas the total number in PubMed was 5431
papers. There were 816 selected papers in the first search (see Supplementary File S1) and
the exclusion criteria were the impossibility to obtain a full text and the lack of specificity
with respect to the selected areas of the review. Out of the 816 papers, 195 were used for
this review because of the historical, breakthrough and innovative content.

3. Natural Sources of 5-HTP

Plants are a rich source of 5-HTP and Griffonia simplicifolia Baill. (Caesalpinaceae) (also
known as the alternate incorrect name Bandeiraea simplicifolia) seeds are the most used for
the extraction and the commercial production of 5-HTP. Preparations of G. simplicifolia
containing high concentrations of 5-HTP are used to treat serotonin-related disorders, in-
cluding motion sickness [9] and to increase the feeling of satiety associated with a significant
reduction of food intake and body weight with decreasing body mass index (BMI) [10,11].
The extract also shows anxiolytic-like effects [12]. The authentication of G. simplicifolia seeds
is based on methods that are often laborious, time-consuming and sensitive to interference
from co-occurring materials. Rapid and simple estimation procedures have been developed
for the identification and quantification of 5-HTP in G. simplicifolia extracts [13,14]. Recently,
the combination of chemical analysis (with the characterization of 5-HTP along with the
β-carboline alkaloid derivatives) and molecular DNA fingerprinting (DNA restriction frag-
ment length polymorphism—PCR-RFLP—analysis which has been performed on the plant
internal transcribed spacer—ITS) allowed the unequivocal identification of commercial G.
simplicifolia seeds [15].

Both 5-HTP and 5-hydroxytryptophan hydrate have been identified in the root allelo-
chemical exudates from the aggressive weed couch grass, Elytrigia (Agropyron) repens [16],
whereas quack grass (Agropyron repens L. Beauv.) accumulates throughout the plant
high levels of 5-HTP as glucosides attached in β-linkages to the 5-O-indolyl moiety [17].
St. John’s wort (Hypericum perforatum cv. Anthos) stem explants were found to produce
significant amounts of 5-HTP when plantlets were regenerated from thidiazuron-induced
tissue grown on a basal culture medium for 2 months [18], whereas 5-HTP was detected
during the alcoholic fermentation of some grape cultivars [19]. Food processing may alter
the 5-HTP content. The cooking (boiling, steaming, and microwaving) of the cauliflower
genotypes Forata (white inflorescence), Verde di Macerata (green inflorescence), Cheddar
F1 (yellow inflorescence), and Graffiti (purple coloration) was found to increase tryptophan
levels and to reduce the content of 5-HTP [20].

Interestingly, other organisms are potential sources of 5-HTP. The intertidal sponge
Hymeniacidon heliophila, which survives under intense sunlight, contains 5-HTP as a major
constituent [21], whereas methanolic extracts of the mushrooms Boletus edulis, Suillus luteus,
and Pleurotus ostreatus contain, among other indole compounds, fairly good amounts of
5-HTP [22]. The fruiting bodies of the mushroom Cantharellus cibarius (the chanterelle) and
the mycelium of this species cultured in vitro contain eight indole compounds, including 5-
HTP [23], while the concentration of 5-HTP was higher in the stipes of five species of the fungal
genus Panaeolus (P. ater, P. rickenii, P. papilionaceous, P. sphinctrinus, and P. subbalteatus) [24].

4. Qualitative and Quantitative Analysis of 5-HTP

The chemical analysis of 5-HTP is mainly performed by using high-performance
liquid chromatography (HPLC) coupled to different detectors, including diode array
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(DAD), fluorescence (FD), and mass spectrometry (MS) detectors. The separation is usually
performed by reverse phase C-18 column chromatography [25]. The binary solvent system
is H2O acidified with 0.1% v/v formic acid (solvent A) and acetonitrile acidified with 0.1%
v/v formic acid (solvent B). The chromatographic profiles are usually registered at 230 and
270 nm. Quantitative analysis is usually performed by positive ion mode, often using a
selective ion monitoring (SIM) method with different ionization interfaces, the most used
being electrospray ionization (EI) [15]. This method, along with the use of other detectors,
has been used to detect and quantify 5-HTP in plant extracts [2,14,15,26], rat serum [25],
mice whole brain tissue [27], human plasma [28], human urine [29], and in the central
nervous system [30,31].

Besides HPLC, other chromatographic techniques have been used to detect and quan-
tify 5-HPT. Capillary electrophoresis (CE) has been used with different detectors to deter-
mine 5-HTP in samples of commercial dietary supplements [32], in human platelet-rich
plasma [33], and immortalized rat raphe nuclei neurons [34]. A rapid method for the sepa-
ration of 5-HTP was developed by using micellar electrokinetic chromatography with diode
array detection [35]. The identification and quantification of 5-HTP was also achieved by
the combination of solid-phase extraction pretreatment and gas chromatography–mass
spectrometry based on a modified method of derivatization by silanization [36].

An NMR-based approach showed that 5-HTP results in characteristic chemical shift
correlations suited for its identification and quantification [37], whereas the quantitative
analysis of 5-HTP of carcinoid tumors was assayed using gold nanoparticles as the assisted
matrix in surface-assisted laser desorption/ionization time-of-flight mass spectrometry [38].
A green fluorescence transient 5-HTP is obtained by multiphoton near infrared excitation
and this technique enables the detection of 5-HTP with extremely high sensitivity. The po-
tential application of such a method is in the imaging of biological systems and the investi-
gation of protein dynamics [39]. Both cyclic voltammetric and UV–visible spectroscopic
methods have been demonstrated to show linear responses over a wide concentration
range of 5-HTP, with low limits of detection also in dietary supplements [40].

Electrochemical sensors have also attracted much attention for the detection and quan-
tification of 5-HTP. Their high sensitivity and miniaturization are expected to overcome
the shortcomings of high-cost, time-consuming, and complicated operations linked to chro-
matographic methods. Various types of surface-modified electrodes have been developed
to determine 5-HTP such as a carbon nanosheet-modified electrode [41], RuIIterpyridine-
doped composite electrode [42], gold-modified pencil graphite electrode [43], graphene-
chitosan molecularly imprinted film modified on the surface of a glassy carbon elec-
trode [44], sensors based on electro-polymerization to obtain a poly-(melamine)/poly-
(o-aminophenol) co-polymeric film [45], nano-palladium decorated multi-walled carbon
nanotubes [46], citrate-capped gold nanoparticles [47], a pyrolytic graphite electrode with
the surface covered with a thin film of a nano-mixture of graphite/diamond [48], and by
electrochemical microfluidic separation and sensing [49].

5. Chemical Synthesis of 5-HTP

The synthesis of 5-HTP by the condensation of 5-benzyloxygramine with diethyl
formaminomalonate, followed by saponification, decarboxylation, and hydrogenolysis
was described in 1951 [50] and 1954 [51] and was an application of gramine synthesis,
developed by Snyder and Smith ten years before [52]. A few years later, another applica-
tion of gramine synthesis was reported [53]. In the same year, Frangatos and Chubb [54]
reported an application of the convenient tryptophan synthesis developed ten years be-
fore [55] by eliminating the difficult and tedious preparation of 5-benzyloxyindole. The
p-benzyloxyphenylhydrazone of γ,γ-dicarbethoxy-γ-acetamido-butyraldehyde (Figure 1,
I) was prepared and cyclized, without isolation, to form ethyl β-(5-benzyloxyindol-3-)-α-
carbethoxy-α-acetamidopropioilate (Figure 1, II). Saponification and partial decarboxyla-
tion of II, followed by hydrolysis of the acetamido group, gave 5-benzyloxytryptophan
(Figure 1, III). 5-HTP was obtained by hydrogenolysis of III (Figure 1). However, this syn-
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thetic method suffers from the difficulty involved in the regioselective hydroxylation
of tryptophan.

Figure 1. Chemical synthesis of 5-hydroxytryptophan (5-HTP). From [54], modified.

6. Biosynthesis of 5-HTP and Inhibition of Tryptophan Hydroxylase (TPH)

The biosynthesis of 5-HTP starts with the essential amino acid tryptophan, which is
metabolized to 5-HTP by TPH in an initial, rate-limiting step in the biosynthesis of sero-
tonin after the decarboxylation catalyzed by aromatic amino acid decarboxylase (AADC).
TPH is a monooxygenase that belongs to the family of aromatic amino acid hydroxylases;
it incorporates one atom of oxygen from molecular oxygen into the substrate and reduces
the other atom to water. The two electrons required for the reduction of the second atom to
water are supplied by tetrahydrobiopterin (BH4), which acts as a substrate rather than a
tightly bound cofactor, binding and dissociating each turnover [56]. The irreversible activa-
tion of O2 is the initial step in this mechanism and utilizes two electrons from BH4 to form a
high-valent Fe(IV)O (ferryl) hydroxylating intermediate and 4a-hydroxypterin (4a-HOPH3).
The Fe(IV)O intermediate subsequently reacts with the side chain of the aromatic amino
acid through electrophilic aromatic substitution [57,58]. The binding of both the amino
acid and BH4 results in a change in the coordination of the iron from six-coordinate to
five-coordinate, presumably opening a coordination site for oxygen. The hydroxylating
intermediate Fe(IV)O in TPH has been confirmed by rapid freeze-quench 57Fe Mössbauer
spectroscopy [57]. During L-tryptophan hydroxylation, BH4 is oxidized to pterin-4α-
carbinolamine (BH3OH) and regenerated through the function of pterin-4α-carbinolamine
dehydratase (PCD) and dihydropteridine reductase (DHPR) [59,60]. Figure 2 shows the in-
volvement of BH4 and the Fe intermediate in the reaction catalyzed by TPH.

In humans, BH4 is synthesized from guanosine triphosphate (GTP) via a three-step
pathway, containing GTP cyclohydrolase I (GCHI), 6-pyruvate-tetrahydropterin synthase
(PTPS), and sepiapterin reductase (SPR) [61], as shown in Figure 3.

TPH activity is assayed by a continuous spectrophotometric method that exploits the
different spectral properties of tryptophan and 5-HTP [62]. The sensitivity of the essay
allows the use of relatively low enzyme concentrations and can be used to determine the
steady-state kinetic parameters for each of the enzyme substrates [62].

TPH is composed of three functional domains, a regulatory N-terminal domain, a
catalytic domain, and a C-terminal oligomerization domain [63]. TPH requires ferrous iron
for activity. The activity of the enzyme is affected by phosphorylation and the requirement
for Ca2+ suggests a need for a calcium-dependent kinase [56]. In the rat pineal gland,
norepinephrine stimulates TPH synthesis and activity and cAMP through the activation of
cAMP-dependent protein kinase A (PKA), phosphorylates the transcription factor cAMP
response element binding protein (CREB), which starts the enzyme synthesis, and the
incorporation of at least 1 mol of phosphate/mol of tetramer of native TPH is required for
maximal activation [64].
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Figure 2. Hydroxylation of tryptophan by tryptophan hydroxylase (TPH). See text for explanation.
From [58], modified.

Figure 3. Biosynthesis of BH4 in mammals. Modified from [61].

In vertebrates, there are two molecular forms of TPH: TPH1 is responsible for serotonin
synthesis in peripheral tissues and is mainly expressed in the enterochromaffin cells of
the gut and in the pineal gland. TPH1-expressing cells of the gastrointestinal (GI) tract are
responsible for blood 5-HT synthesis; 5-HTP then enters the circulation packed in dense
granules of thrombocytes where it mediates its hormonal actions upon platelet release at
the site of activation [65]. The second form, TPH2, is expressed in peripheral myenteric
neurons in the gut and in the neurons of raphe nuclei in the brain stem but not in peripheral
organs (lung, heart, kidney, or liver) [4]. Cells expressing TPH2 have rates of 5-HT synthesis
which are affected by changes in tryptophan availability [66]. The presence of these two
TPH forms justifies the duality of the 5-HT system, with two independently generated
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pools of 5-HT—one in the brain and another in the blood [65]. Antibodies that distinguish
between the isoforms of TPH have been developed [67]. Figure 4 shows the central role of
5-HTP in the biochemical pathway of 5-HT.

Figure 4. Biosynthetic pathway of serotonin (5-HT). Tryptophan is hydroxylated by the two forms of
TPH to yield 5-HTP, which is then decarboxylated by the aromatic amino acid decarboxylase (AADC)
to serotonin.

Because TPH inhibitors may provide novel treatments for various gastrointestinal
disorders associated with dysregulation of the gastrointestinal serotonergic system, such as
chemotherapy-induced emesis and irritable bowel syndrome, both academia and the phar-
maceutical industry have worked on the search for specific TPH inhibitors. Naturally
occurring unspecific inhibitors of TPH (and indoleamine metabolism) have been reported,
including catecholamines, the food-derived carcinogenic heterocyclic amines 3-amino-1,4-
dimethyl-5H-pyrido[4,3-b]indole (Trp-P-1), and 3-amino-1-methyl-5H-pyrido[4,3-b]indole
(Trp-P-2), as well as the dopamine-derived tetrahydroisoquinolines, such as salsolinol and
tetrahydropapaverine [68–70]. While the inhibition of TPH by salsolinols was found to be
non-competitive with the substrate L-tryptophan [68], TPH was un-competitively inhib-
ited by tetrahydropapaverine with the substrate L-tryptophan, and non-competitively
inhibited with the cofactor DL-6-methyl-5,6,7,8-tetrahydropteridin in P-815 cells [69].
In the same cell system, the inhibition of TPH by Trp-P-2 was found to be competitive
with the substrate L-tryptophan and non-competitive with the cofactor DL-6-methyl-
5,6,7,8-tetrahydropteridin [70]. p-Ethynylphenylalanine (p-EPA) is a more potent TPH
inhibitor; p-EPA injection induced a significant and gradual decrease in extracellular
5-HTP in the rat hippocampus, striatum, and frontal cortex. Moreover, p-EPA could
also irreversibly interfere with the synthesis of TPH [71]. Selective inhibitors of TPH,
such as LP-533401 [(2S)-2-amino-3-(4-(2-amino-6-(2,2,2-trifluoro-1-(3′-fluorobiphenyl-4-
yl)ethoxy)pyrimidin-4-yl)phenyl)propanoic acid] and LP-615819 [(2S)-ethyl 2-amino-3-(4-
(2-amino-6-(2,2,2-trifluoro-1-(3′-fluorobiphenyl-4-yl)ethoxy)pyrimidin-4-yl)phenyl)propan
oic acid], were found to competitively bind to the tryptophan pocket of both TPH isoforms
and to improve metabolic parameters, thus providing novel treatments for various gas-
trointestinal disorders associated with dysregulation of the gastrointestinal serotonergic
system [72]. The kinetic analysis with these inhibitors showed that they are all competitive
versus L-tryptophan but predominantly uncompetitive versus pterin [73]. Two other in-
hibitors of TPH are telotristat ethyl (the free base form of a hippurate salt called telotristat
etiprate) and its active metabolite telotristat. In vitro, the inhibitory potency of telotristat
was found to be 29-fold higher than that of its prodrug, with inhibition of TPH resulting in
a reduced production of peripheral 5-HT [74].

A new series of acyl guanidines displaying potent TPH1 inhibition have been re-
ported [75]; these molecules have been chemically and pharmacokinetically optimized and
successfully tested in vivo [76]. 1-O-Galloylpedunculagin was screened as a drug-like com-
pound from the traditional Chinese medicine (TCM) database for inhibitor activity on TPH.
The molecule specifically inhibited TPH1 but was ineffective on TPH2, and the inhibitory
action displayed characteristics of competitive inhibition [77]. The effects of nifedipine,
an L-type calcium channel blocker, in noradrenergic-stimulated cultured rat pineal glands,
showed that TPH activity was the main step inhibited by the molecule, demonstrating that
the calcium influx through L-type high-voltage-activated calcium channels is essential for
the full activation of the enzyme [78]. Figure 5 shows the chemical formulae of the TPH
inhibitors cited above.
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Figure 5. Structure formulae of some TPH inhibitors.

7. Metabolic Engineering and Heterologous Production of 5-HTP

As discussed above, extraction from the seeds of the African plant Griffonia simplicifolia
is the typical approach for 5-HTP commercial production, because chemical synthesis is
not economically feasible on a large scale. However, the material supply is seasonally
and regionally dependent, which limits the output of 5-HTP. A promising alternative is
the metabolic engineering of microorganisms. Among the many advantages, microorgan-
isms grow quickly and their genetic engineering has been demonstrated to be a productive
way to obtain important chemicals, such as aromatic compounds [79], fatty acids [80],
carotenoids [81], flavors and fragrances [82], and many other natural products [83].

Although the microbial synthesis of 5-HTP has been achieved in different microor-
ganisms, with particular reference to Escherichia coli, the first evidence of a microbial
hydroxylation of tryptophan was found in Chromobacterium violaceum, about 70 years
ago [84]. The function of tryptophan hydroxylation in this organism was considered
important to provide the precursor for the characteristic blue pigment produced by this
species, violacein, that is synthesized by a series of tryptophan metabolisms. Further
characterization showed that the TPH from C. violaceum has, at least superficially, the
characteristics of the TPH found in various mammalian tissues [85]. L-phenylalanine
4-hydroxylase from C. violaceum could convert L-tryptophan to 5-HTP and L-phenylalanine
to L-tyrosine; however, the activity for L-tryptophan is extremely low compared to L-
phenylalanine activity levels. The L-tryptophan hydroxylation activity of C. violaceum
L-phenylalanine 4-hydroxylase (CviPAH) was enhanced using information on its crystal
structures by introducing a saturation mutagenesis towards L101 and W180 in C. vio-
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laceum phenylalanine 4-hydroxylase (PAH). Mutant libraries from the L101 and W180
produced several positive mutants, with L101Y and W180F showing the highest TPH
activity, whereas the double mutant (L101Y-W180F) displayed higher TPH activity when
compared with the wild type and the individual W180F and L101Y mutants [86]. Interest-
ingly, pterin is still required as a cofactor for enzyme activity by the CviPAH-L101Y-W180F
triple mutant, which is similar to the requirements of other types of aromatic amino acid
hydroxylases [86]. A novel cofactor regeneration process to achieve enhanced synthesis of
5-HTP by using CviPAH was obtained by screening and investigating several key enzymes,
including dihydropteridine reductase from E. coli, glucose dehydrogenase from Bacillus
subtilis, and pterin-4α-carbinolamine dehydratase from Pseudomonas syringae. Genes en-
coding these three enzymes were overexpressed in an E. coli tryptophanase-deficient host,
resulting in the synthesis of ten-fold (0.74 mM) 5-HTP in the presence of 0.1 mM pterin
with respect to the absence of the regeneration of pterin [59].

The engineering of E. coli successfully improved the production of 5-HTP through
bioprospecting and protein engineering approaches. An important achievement was
the discovery that bacterial PAHs may utilize tetrahydromonapterin (MH4, Figure 6)
instead of BH4 as the native pterin coenzyme; this resulted in a great advantage because
BH4 does not naturally occur in most bacteria [87].

Figure 6. Chemical formula of tetrahydromonapterin.

Based on the potential ability of PAH to hydroxylate tryptophan, the development of
PAH mutants highly active in converting tryptophan to 5-HTP allowed the establishment
of an efficient 5-HTP production platform via further metabolic engineering efforts [88].
Whole-cell bioconversion allowed the high-level production of 5-HTP (1.1−1.2 g/L) from
tryptophan in shake flasks, also allowing de novo 5-HTP biosynthesis from glucose [88]
(Figure 7).

In a similar strategy, the tryptophan pathway was extended by using an engineered
PAH from Cupriavidus taiwanensis (CtAAAH) and the production of 5-HTP was achieved
by an endogenous cofactor with an artificial regeneration system [89].

In the search of a direct alternative precursor for the biosynthesis of 5-HTP, a novel
salicylate 5-hydroxylase was used to convert the non-natural substrate anthranilate to
5-hydroxyanthranilate (5-HI) produced from glucose. To assess whether 5-HI may function
as a precursor of 5-HTP, a medium copy number pCStrpDCBA plasmid was constructed in
the E. coli strain BW2. Knockouts of tnaA (that prevents the products tryptophan and 5-HTP
from degrading) and trpE (that blocks the native synthesis of anthranilic acid) harboring
pCS-trpDCBA were used for the in vivo assay. trpDCBA was also cloned into a low copy
number plasmid, yielding pSA-trpDCBA. The in vivo assay of the strain BW2 harboring
pSA-trpDCBA accumulated the intermediate 5-hydroxyindole in the cultures, indicating
that the reaction catalyzed by TrpB was a rate-limiting step. The de novo production of
5-HTP was then established by combining the full pathway and by adopting a two-stage
strategy (see Figure 8) [90].
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Figure 7. Production of 5-HTP from tryptophan in E. coli by engineered PAH and the utilization of
tetrahydromonapterin (MH4) instead of BH4. DHMR, dihydromonapterin reductase; PAH, phenylala-
nine 4-hydroxylase; PCD, pterin-4α-carbinolamine dehydratase; MH2, dihydromonapterin. Modified
from [88].

Figure 8. Production of 5-HTP from glucose in engineered E. coli by using a novel salicylate 5-
hydroxylase. PEP, phosphoenol pyruvate; E4P, erythrose-4-phosphate; TrpEfbrG, anthranilate syn-
thase (from a feedback resistance mutant); SalABCD, salicylate 5-hydroxylase; TrpDCA and TrpB, E.
coli native tryptophan biosynthetic enzymes. Adapted from [90].

By engineering E. coli with heterologous TPH by using a truncated form of human
TrpH2 with an E2K mutation for improved protein abundance, 5-HTP conversion from
tryptophan was improved by protein engineering TPH [91]. Recently, in order to increase
5-HTP yield and stability of TPH, the tryptophan biosynthetic pathway was integrated into
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the E. coli genome. A 24.8% improvement compared to the original strain was obtained
by manipulating the replication origin of the hydroxylation plasmid and by substitu-
tion of the promoter of aroHfbr gene encoding 3-deoxy-7-phosphoheptulonate synthase
(that catalyzes the first step of tryptophan biosynthesis). The resulted recombinant strain
TRPmut/pSCHTP-LMT was able to produce 1.61 g/L 5-HTP in shake flasks, compared to
0.160 g/L of previous metabolic engineering productions [92].

A successful production of 5-HTP in microbial systems has been obtained in the yeast
Saccharomyces cerevisiae BY4741 strain via LiAc-mediated yeast transformation. The strat-
egy was based on the heterologous expression of either a prokaryotic PAH or eukaryotic
tryptophan 3/5-hydroxylase, together with enhanced synthesis of the two cofactors MH4
or BH4 [93]. Interestingly, a native S. cerevisiae gene, DFR1, which encodes dihydrofo-
late reductase to catalyze tetrahydrofolate, played a pivotal role in 5-HTP synthesis by
regenerating MH4 [93]. Figure 9 summarizes the heterologous 5-HTP production.

Figure 9. Summary of heterologous production of 5-HTP. Chromobacterium violaceum, with the first use
of PAH for tryptophan hydroxylation to 5-HTP. Escherichia coli, with a) utilization of MH4 instead of
BH4 as the native pterin coenzyme for 5-HTP synthesis, b) the biosynthesis of 5-HTP with the use of a
novel salicylate 5-hydroxylase that uses glucose as the substrate for the production of the non-natural
substrate anthranilate to 5-hydroxyanthranilate (5-HI), c) substitution of the promoter of aroHfbr gene
encoding 3-deoxy-7-phosphoheptulonate synthase to feed the biosynthetic pathway of tryptophan
production. The use of yeasts with the heterologous expression of either a prokaryotic PAH or
eukaryotic tryptophan 3/5-hydroxylase, together with enhanced synthesis of the two cofactors MH4

or BH4; the native Saccharomyces cerevisiae gene, DFR1, which encodes dihydrofolate reductase to
catalyze tetrahydrofolate, plays a pivotal role in 5-HTP synthesis by regenerating MH4. Created with
BioRender.com.

8. Physiological Effects of 5-HTP
8.1. Animal Studies

Early experiments with 5-HTP in the 1950s have shown that this molecule is also
capable of inhibiting gastric hydrochloric acid secretion [94] and that when administered to
animals it increased peristaltic activity [95] and was rapidly taken up by most tissues [96],
producing in dogs, cats, rabbits, rats, and mice somatic, autonomic, and behavioral effects
which grossly resembled those of lysergic acid diethylamide [97].

Most of the animal experimentation on the effects of 5-HTP has been conducted on
mice and rats.

In mice, injection of 5-HTP produces a characteristic head twitch due to a central action
of 5-HT formed by decarboxylation of 5-HTP [98] and provokes characteristic behaviors,
such as tremors, that become more frequent when doses are increased [99]. The accumula-
tion of 5-HT in the mouse liver but not in the brain is causally related to the hypoglycemia
induced by 5-HTP [100,101]. 5-HTP also suppresses inflammation and arthritis through
decreasing the production of pro-inflammatory mediators [102] and the antihistaminic
drugs chloropyramine and, more strongly, chlorpheniramine potentiates the action of
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5-HTP by inhibiting serotonin uptake [103]. Interestingly, dietary phenylalanine and
5-HTP were found to be mutually antagonistic in modulating mice audiogenic seizure
susceptibility [104].

In rats, at least some of the behavioral effects of 5-HTP are due to increased levels or
turnover of 5-HTP in peripheral serotonergic neuronal systems [105] and 5-HTP neurotoxi-
city caused by brain–blood barrier breakdown, edema formation, and NO production was
found to be instrumental in causing adverse mental and behavioral abnormalities [106].
For instance, the wet dog shake behavior induced by 5-HTP was dose dependent and was
mediated by the activation of 5-HT2 receptors [107], whereas in iproniazid-pretreated rats,
a special form of stereotyped movements of the head and forelegs and a gnawing behavior
were observed after intraperitoneal administration of 5-HTP [108]. 5-HTP produced a
6–11-fold increase in rat plasma prolactin [109,110]. Moreover, endogenous opioids also
increase the serum level of prolactin induced by 5-HTP; therefore, different serotonergic
neurotransmitter circuits might be capable of modulating the release of corticosterone and
prolactin [111]. 5-HTP was also able to induce depression in rats working on an operant
schedule for milk reinforcement, and this effect was mediated by serotonergic mechanisms
involving 5-HT2 receptors [112]. Moreover, administration of 5-HTP prompted a synergis-
tic increase in the synthesis and release of 5-HT by combining 5-HT uptake inhibition with
the blockade of 5-HT1A autoreceptors [113]. Another interesting effect of 5-HTP in rats
is the reduction in meal size and a slowing of eating, exerting an effect on the patterns of
feeding [114].

Myoclonic twitches, jerks, or seizures are usually caused by brief lapses of contraction
(negative myoclonus) or sudden muscle contractions (positive myoclonus). In guinea
pigs, when 5-HTP was given 6 h after 0.5 mg progesterone in estradiol benzoate-primed
males, myoclonus was enhanced, whereas progesterone reversed the facilitative effect
of estradiol benzoate on 5-HTP-induced myoclonus in females [115]. It was also found
that 5-HTP-induced myoclonus was influenced by the 5-HT1/2 receptor systems and that
the absence of a significant change with a receptor antagonist implied that myoclonus was
not related to diffuse activation of central serotonergic mechanisms [116]. In the guinea
pig colon, 5-HTP facilitates the luminal 5-HT release from enterochromaffin cells, with no
involvement of neuronal mechanisms and a non-neuronal cholinergic system [117].

In the terrestrial snail Helix lucorum, injection of 5-HTP alone did not restore the protein
kinase M zeta (ZIP)- or the protein synthesis blocker anisomycin-impaired context memory,
while the combination of 5-HTP and the reactivation of memory effectively reinstated
the context memory [118].

In rabbits, 5-HTP injected intracisternally at a dose of 1.5–3 mg produced a fall in
temperature often followed by a rise beyond the pre-injection level, and the anterior
hypothalamus was supposed to be the site where 5-HTP acted [119]. To antagonize rabbit
5-HTP-induced hyperthermia, 5-HT receptor blockade is required and antagonism of p-
methoxyamphetamine-induced hyperthermia is primarily a result of influence on the 5-HT
system [120].

In cats, intrahypothalamic injection of 5-HTP allowed its detection in many fibers
surrounding the injection site [121], whereas lysergic acid diethylamide was found to
mimic the actions of 5-HTP by facilitating the stretch reflex and exciting extensor gamma
motoneurons in the animal spine [122].

In dogs, the administration of 5-HTP increased both blood and tissue serotonin with
a maximum effect evident in about one hour [123] and increased the propulsive activity,
the contractile force, and the motility index [124]. In monoamine oxidase (MAO)-inhibited
dogs, 5-HTP caused hypotension with variable effects on heart rate and the cerebral
decarboxylation and formation of 5-HT was found to be responsible for this effect [125].

In sheep, the administration of 5-HTP substantially increases serum melatonin through
a marked increase in pineal 5-HT and its metabolites, including N-acetylserotonin [126],
whereas during the natural light period, a promotion of melatonin synthesis in the pineal
gland and intestinal tract was found in rumen-protected 5-HTP [127]. In fetal lambs in late
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gestation, systemic infusion of 5-HTP during normoxia greatly increases the incidence of
fetal breathing movements [128].

Finally, in the Holstein dairy cow liver, 5-HTP infusions stimulated an autocrine–
paracrine adaptation to lactation [129].

Figure 10 summarizes some effects of 5-HTP on animals.

Figure 10. Summary of effects of 5-HTP on some animals. In terrestrial snails, 5-HTP reinstates
the context memory, whereas in mice, 5-HTP produces a characteristic head twitch and tremors,
induces hypoglycemia, and suppresses inflammation by inducing pro-inflammatory mediators.
In rats, most of the listed effects of 5-HTP are dose dependent. In guinea pigs, 5-HTP enhances
myoclonus and facilitates the luminal 5-HT release. In dogs, 5-HTP increases propulsive activity,
contractive force, and mobility index. Injection of 5-HTP facilitates the stretch reflex in cats and
produces a fall in temperature in rabbits. In sheep, 5-HTP increases serum melatonin and foetal
breathing movements and stimulates an autocrine–paracrine adaptation to lactation in cows. Created
with BioRender.com.

8.2. Effects of 5-HTP on Humans
8.2.1. Serotonin Syndrome

While on the one side, the lack of serotonin is responsible for several diseases,
including depression, its excess may be problematic. Medication-induced serotonergic
hyperactivity causes serotonin syndrome, which results from antidepressant medications
and is characterized by the triad of altered mental status, autonomic dysfunction, and neu-
romuscular abnormalities. Serotonin syndrome may lead to misdiagnosis, in a similar
way as for neuroleptic malignant syndrome. Serotonin syndrome may eventually result
in death; however, supportive care alone is sufficient to recover completely for most of
patients. Excessive 5-HTP stimulation is the main pathophysiologic mechanism involved
and the use of a serotonin antagonist supports this finding [130]. Serotonin syndrome can
trigger other clinical conditions; therefore, in order to detect the syndrome and prevent
rapid clinical deterioration, it is important to better understand the molecular context of
this condition [131].

8.2.2. Effect of 5-HTP on Depression, Anxiety, Dystonia, and Panic Disorders

The amount of endogenous 5-HTP available for serotonin synthesis depends on
the availability of tryptophan and the activity of various enzymes, especially TPH, in-
doleamine 2,3-dioxygenase, and tryptophan 2,3-dioxygenase (TDO) [132]. In depressed
patients, tryptophan, serotonin, kynurenine, and their metabolite levels remain unclear.
Serotonin is involved in depressive pathophysiology and evidence indicates that the trans-
port of 5-HTP across the blood–brain barrier is compromised in major depression [133],
as found in childhood with major depression [134]. Early studies assessed the important
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role of tryptophan and 5-HTP as an antidepressant [135,136], and relatively few adverse ef-
fects are associated with its use in the treatment of depressed patients [137]. Among the side
effects, the administration of 5-HTP may cause dose-dependent gastrointestinal problems,
whereas the combination of 5-HTP with a peripheral decarboxylase inhibitor may cause
psychopathological side effects, like acute anxiety [138]. Additionally, vomiting and nausea
have been reported when 5-HTP was used at doses above 100 mg [139].

The antidepressant activity appears to be linked to the activation rather than suppres-
sion of monoaminergic activity; therefore, the decreased monoamine metabolism found in
some types of depression is likely to depend on a primary metabolic deficit rather than
receptor hypersensitivity [140]. Decreased serotonergic activity may be present in both
depression and mania [141] and the therapeutic effect of 5-HTP has been correlated with
an increase in serotonin at central serotonin receptors [142].

Evidence also supports the combined used of 5-HTP with other drugs. In 30 hospital-
ized patients affected by endogenous depression, the antidepressant action of the combina-
tion of nialamide and 5-HTP has been evaluated and compared with a control group which
only received nialamide (along with placebo). The combination of nialamide and 5-HTP
prompted a fuller recovery in treated patients with respect to those who were treated
with nialamide alone [143]. L-deprenil (an irreversible selective MAO-B inhibitor) was
used in an open trial study with patients with unipolar and bipolar depression receiving
5-HTP and benzerazide. The combination of L-deprenil and 5-HTP showed a significantly
greater clinical improvement in treated patients with respect to placebo patients but not
in patients treated with 5-HTP alone [144]. In women experiencing selective serotonin
reuptake inhibitor (SSRI)- or serotonin–norepinephrine reuptake inhibitor (SNRIs)-resistant
depression, the combination treatment with creatine and 5-HTP proved to be an effective
augmentation strategy [145].

5-HT was found to mediate anxiety [146] and showed a moderate reduction of
the symptomatology on the 90-item symptoms checklist (SCL-90) and the state scale of
the Spielberger State–Trait Anxiety Inventory, suggesting that brain serotonergic pathways
are involved in the pathogenesis of anxiety disorders, particularly in agoraphobia and
panic disorders [147].

The serotonergic system of the central nervous system might play some role in
the pathogenesis of dystonia in hereditary progressive dystonia [148], although results
are at odds with the hypothesis that there is a supersensitivity of 5-HT2 receptors in
panic disorder [149]. Nevertheless, in panic disorder patients, 5-HTP significantly reduced
the reaction to the panic challenge, regarding number of panic attacks, panic symptom
score, and subjective anxiety, when compared to placebo [150]. Furthermore, an increased
availability of 5-HT may have a gender-dependent protective effect in cholecystokinin-
tetrapeptide-induced panic [151].

8.2.3. Effect of 5-HTP on Sleep Disorders

In normal subjects treated with 5-HTP, rapid eye movement (REM) sleep increased
from 5 to 53% of placebo baseline [152] and the effects on sleep were associated with
different doses of 5-HTP and the diverse possibilities of metabolic transformation of
the precursor [153]. In schizophrenic boys, the administration of 5-HTP was associated
with an increase in REM sleep and eye movements [154]; however, in mongoloid infants
who received oral 5-HTP for periods extending from 12 to 36 months, 5-HTP failed to
induce any long-term differences in the eye movement frequencies. In fact, the drug has
a short-term effect lasting up to 8 days and an increase in muscle tone and an improve-
ment of motor behavior were the only long-lasting results [155]. In a group of children
with sleep terrors, treatment with 5-HTP was able to modulate the arousal level and to
induce a long-term improvement of sleep terrors [156]. Interestingly, it was found that a
serotonergic abnormality is involved in affective disorders [157] and direct modulation of
the serotonergic system with 5-HTP was useful for the treatment of psychological suffering
associated with unreciprocated romantic love [158].
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8.2.4. Effects of 5-HTP on Migraine, Ataxia, Fibromyalgia, Alzheimer’s, and Parkinson’s Disease

5-HTP was also found to be a treatment of choice in the prophylaxis of migraine [159,160].
In subjects who are predisposed to headache, 5-HTP can change the central nervous
system (CNS) abnormalities underlying the mechanism of migraine [161]. In another study,
two weeks after treatment with 5-HTP, a significant decrease in the number of days with
headache was observed [162].

Ataxia is a clinical manifestation indicating dysfunction of the parts of the nervous
system that coordinate movement, such as the cerebellum. Some features of cerebellar
ataxia have been reported to regress partially with long-term administration of 5-HTP [163],
with a significant decrease in the kinetic score, indicating an improvement in coordination,
although the effect may sometimes be partial [164].

Lower levels of 5-HTP were found in women with fibromyalgia (FM) in comparison
with controls, indicating that the dysregulation of the catecholamine and indolamine path-
way in patients with FM may contribute to the physiopathology of this syndrome [165,166].
The treatment with 5-HTP significantly improved all the clinical parameters studied in
50 patients with primary FM syndrome, with only mild and transient side effects re-
ported [167].

Concentrations of 5-HTP are lower in dementia of the Alzheimer’s type (DAT) cere-
brospinal fluid (CSF) than in a corresponding fraction of control CSF. Therefore, the sero-
toninergic system is involved in DAT and could be considered for a diagnostic test for
DAT [168].

5-HTP has a long history of use as a therapy of Parkinson’s disease (PD) [169,170].
In Parkinsonian patients, no effects on gastrointestinal absorption of 5-HTP were observed
with co-administration of L-dopa with 5-HTP and decarboxylase inhibitors [171]. Moreover,
in a single-center, randomized, double-blind, placebo-controlled, cross-over trial, patients
receiving placebo and 50 mg of 5-HTP daily over a period of 4 weeks experienced a
significant improvement of depressive symptoms during treatment compared with placebo,
providing preliminary evidence of the clinical benefit of 5-HTP for treating depressive
symptoms in PD [172].

8.2.5. Effect of 5-HTP on Myoclonus

5-HTP is useful in the treatment of patients with posthypoxic intention myoclonus [173],
palatal myoclonus [174], and cherry red spot-myoclonus syndrome [175]. The administra-
tion of 5-HTP and carbidopa dramatically improved the action myoclonus and reduced
the amplitude of giant somatosensory evoked potentials [176], whereas the combination
of sodium valproate and 5-HTP was useful to control a spinal segmental myoclonus
characterized by symmetric, rhythmic contractions of the abdomen [177].

8.2.6. Effect of 5-HTP on Obesity

The effect of 5-HTP on feeding behavior, mood state, and weight loss was studied.
5-HTP promoted decreased food intake and weight loss as well as typical anorexia-related
symptoms without changes in mood state during the period of observation [178], with a
consistent presence of early satiety and a consequent reduction in carbohydrate intake [179].
Moreover, treatment with 5-HTP prompted a decrease in BMI due to an increased feeling
of satiety [10].

8.2.7. Effect of 5-HTP on Prolactin

Oral administration of 5-HTP significantly increases plasma human prolactin, sug-
gesting that the serotonergic mechanism is involved in the regulation of prolactin secretion
in humans [180]. The maximum downregulation of prolactin release occurs when 5-HTP
is administered in 4 h intervals [181] and subacute serotonergic stimulation with oral
5-HTP with the peripheral decarboxylase inhibitor carbidopa resulted in prolactin but not
aldosterone release [182].

218



Int. J. Mol. Sci. 2021, 22, 181

8.2.8. Antioxidant, Anti-inflammatory, and Analgesic Effects of 5-HTP

5-HTP also exerts radical scavenging activities. 5-HTP showed higher hydroxyl
radical scavenging effects when compared to vitamin C [183] and was also effective on
hyperglycemia-induced oxidative stress [184]. Moreover, 5-HTP was found to preserve
membrane fluidity in the presence of oxidative stress [185]. 5-HTP significantly reduced
tert-butylhydroperoxide-induced oxidative damage in human fibroblast cells and pro-
tected these cells against oxidative DNA damage [186]. 5-HTP was also found to inhibit
the lipopolysaccharide (LPS)-induced expression of NO and interleukine-6 (IL-6), playing
a role in extracellular signal-regulated protein kinase (ERK) activation, cyclooxygenase-2
(COX-2,) and LPS-induced inducible nitric oxide synthase (iNOS). By acting as a reac-
tive oxygen species (ROS) scavenger, 5-HTP has the potential for use in the treatment of
inflammatory diseases and as an analgesic [187].

Figure 11 summarizes some effects of 5-HTP on humans.

1 
 

 
Figure 11. Summary of some effects of 5-HTP on humans. 5-HTP is a treatment of choice in
the prophylaxis of migraine and headache and promotes decreased food intake and weight loss in
obese patients. 5-HTP is used for treating depressive symptoms in Parkinson’s disease and may be
used as a diagnostic test for Alzheimer’s disease. 5-HTP is useful to control some forms of myoclonus
and significantly increases plasma human prolactin. Excessive 5-HTP generates serotonin syndrome.
5-HTP has the potential for use in the treatment of inflammatory diseases and oxidative stress. As a
precursor of 5-HT, 5-HTP treatment is used to reduce depression, anxiety, and panic attacks. 5-HTP is
associated with an increase in rapid eye movement (REM) sleep and reduces sleep disorder. Created
with BioRender.com.
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9. Toxicology of 5-HTP

An excess of 5-HTP may be responsible for serotonin syndrome (see Section 8.2.1)
and an excessive treatment was found to be associated with severe side effects, including
behavioral disturbances, abnormal mental functions, and intolerance. Clinically relevant
ingestion of 5-HTP in dogs was found to result in a potentially life-threatening syndrome re-
sembling serotonin syndrome in humans, which requires prompt and aggressive care [188].
After 5-HTP administration, the endogenous serotonin levels increased by fourfold in
the rat plasma and brain, associated with profound hyperthermia, oxidative stress, and
NO upregulation [106].

Toxicity issues have also been raised in 5-HTP. The use of L-tryptophan, the precur-
sor of 5-HTP, as a dietary supplement was suspended in 1989 due to the occurrence of
eosinophilia–myalgia syndrome (EMS), a rare, sometimes fatal neurological condition
including debilitating myalgia and marked peripheral eosinophilia, that was traced to
contaminated synthetic tryptophan from a single manufacturer (Showa Denko) [189,190].
Therefore, 5-HTP has been under vigilance by consumers, industry, academia, and gov-
ernment for its safety. With the possible exception of one unresolved case of a Canadian
woman, no definitive cases of toxicity have emerged despite the worldwide usage of
5-HTP for the last 20 years. Neither toxic contaminants similar to those associated with
L-tryptophan, nor the presence of any other significant impurities have been detected in
several sources of 5-HTP. Speculations concerning the chemistry and toxicity of infinites-
imal concentrations of a minor chromatographic peak (peak X) found in some 5-HTP
samples lack credibility, due to possible chromatographic artifacts [5]. Further studies
found no significant evidence of EMS in rats receiving high-dose 5-HTP for 1 year [191].
Based on accurate mass, tandem mass spectrometric analysis, and comparison with au-
thentic standard compound analysis, peak X was determined to be 4,5-tryptophan-dione,
a putative neurotoxin. Because 4,5-tryptophan-dione was found in case-implicated 5-HTP
as well as six over the counter samples, some cause for concern in terms of the safety
of such commercial preparations of 5-HTP was raised [7]. Indeed, it was demonstrated
that samples of commercially available 5-HTP analyzed by HPLC-MS contained three
or more contaminants of the peak X family [8]. Two other 5-HTP contaminants, peak E
(1,1′-ethylidenebis(L-tryptophan)) and peak-UV5 (3-anilinoalanine), were found to con-
tribute to the pathogenesis of EMS, or may be surrogates for other chemicals that in-
duce EMS [192–194]. Another contaminant of tryptophan, peak AAA, was defined as a
statistical contaminant and was identified as two distinct isomers: peak AA(1) as (S)-2-
amino-3-(2((S,E)-7-methylnon-1-en-1-yl)-1H-indol-3-yl) propanoic acid and peak AAA(2)
as (S)-2-amino-3-(2-((E)-dec-1-en-1-yl)-1H-indol-3-yl) propanoic acid [6]. Interestingly, after
replacement with 5-HTP not containing impurities, eosinophilia was resolved [195].

10. Conclusions

The use of 5-HTP dates back to the first half of the 20th century, where it was rec-
ognized as an important precursor of the neurotransmitter serotonin. Its use increased
after the discovery of some toxic impurities in commercial tryptophan, although further
analyses also found similar impurities in 5-HTP preparation. The main application of
5-HTP is as a support for serotonin depletion and is considered an interesting alternative
to the use of SSRIs. The main natural source of 5-HTP is the seeds of the African plant
Griffonia simplicifolia, which also produces interesting β-carboline alkaloid derivatives.
However, the seasonal and regional variations of this plant limit the output of 5-HTP. For
this reason, recent biotechnological approaches have been developed by using recombinant
genes and genetic engineering of both bacteria (mainly E. coli) and yeasts, for the econom-
ically and environmentally sustainable production of 5-HTP. These methods are based
on biochemical reactions (such as TPH catalysis) and the use of alternative cofactors to
improve the biosynthetic ability of bacterial and fungal cells to produce 5-HTP at industrial
levels. While on the one side, the use of 5-HTP may be not recommended in humans (as in
the case of serotonin syndrome), on the other, the molecule (drug or dietary supplement)
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has been proved to be effective to treat neurological and metabolic diseases. The majority
of clinical trials are on depression, anxiety, panic attacks, and sleep disorders; however,
the molecule has been demonstrated to be a promising support to reduce food/feed intake
and to be potentially used for metabolic diseases like obesity and diabetes. A few studies
also indicate its potential in neurodegenerative diseases like Alzheimer’s and Parkinson’s
disease. Future developments are focused on safer 5-HTP production. The improvement
of 5-HTP yield and the removal of toxic impurities by biotechnological transformation will
allow a sustainable and safer 5-HTP production for both pharmaceutical and nutraceutical
industries.
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Abbreviations

4a-HOPH3 4a-Hydroxypterin
5-HI 5-Hydroxyanthranilate
5-HT 5-Hydroxytryptamine, Serotonin
5-HTP L-5-Hydroxytryptophan
AADC Aromatic Amino Acid Decarboxylase
BH3OH Pterin-4α-carbinolamine
BH4 Tetrahydrobiopterin
BMI Body Mass Index
CE Capillary Electrophoresis
CNS Central Nervous System
COX-2 Cyclo oxygenase-2
CREB cAMP Response Element-Binding Protein
CSF Cerebrospinal Fluid
CviPAH C. violaceum L-phenylalanine 4-hydroxylase
DAD Diode Array Detector
DAT Dementia of the Alzheimer’s type
DHMR Dihydromonapterin Reductase
DHPR Dihydropteridine Reductase
E4P Erythrose-4-phosphate
EI Electrospray Ionization
EMS Eosinophilia–Myalgia Syndrome
FD Fluorescence Detector
FM Fibromyalgia
GI Gastrointestinal
HPLC High-Performance Liquid Chromatography
IL-6 Interleukin-6

LP-533401
[(2S)-2-amino-3-(4-(2-amino-6-(2,2,2-trifluoro-1-(3′-fluorobiphenyl-4-
yl)ethoxy)pyrimidin-4-yl)phenyl)propanoic acid]

LP-615819
[(2S)-ethyl 2-amino-3-(4-(2-amino-6-(2,2,2-trifluoro-1-(3′-fluorobiphenyl-4-
yl)ethoxy)pyrimidin-4-yl)phenyl)propanoic acid]

LPS Lipopolysaccharide
MAO Monoamine oxidase
MH2 Dihydromonapterin
MH4 Tetrahydromonapterin
MS Mass Spectrometry
PAH L-Phenylalanine 4-hydroxylase
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PCD Pterin-4α-carbinolamine Dehydratase
PD Parkinson’s Disease
Peak AAA1 (S)-2-amino-3-(2((S,E)-7-methylnon-1-en-1-yl)-1H-indol-3-yl) propanoic acid
Peak AAA2 (S)-2-amino-3-(2-((E)-dec-1-en-1-yl)-1H-indol-3-yl) propanoic acid
Peak E [1,1′-Ethylidenebis(L-tryptophan)]
Peak X 4,5-Tryptophan-dione
Peak-UV5 3-anilinoalanine
PEP Phosphoenol Pyruvate
p-EPA p-Ethynylphenylalanine
PKA Protein Kinase A
PTPS 6-Pyruvate-tetrahydropterin Synthase
REM Rapid Eye Movement
RFLP Restriction Fragment Length Polymorphism
ROS Reactive Oxygen Species
SalABCD Salicylate 5-hydroxylase
SCL-90 90-Item Symptoms Checklist
SIM Selective Ion Monitoring
SNRI Serotonin–Norepinephrine Reuptake Inhibitor
SPR Sepiapterin Reductase
SSRI Selective Serotonin Reuptake Inhibitor
TCM Traditional Chinese Medicine
TDO Tryptophan 2,3-dioxygenase
TPH Tryptophan Hydroxylase
TrpEfbrG Anthranilate Synthase
Trp-P-1 3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole
Trp-P-2 3-Amino-1-methyl-5H-pyrido[4,3-b]indole
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Abstract: Previous studies suggest that depression may be associated with reactive oxygen species
overproduction and disorders of the tryptophan catabolites pathway. Moreover, one-third of patients
do not respond to conventional pharmacotherapy. Therefore, the study investigates the molecular
effect of escitalopram on the expression of Cat, Gpx1/4, Nos1/2, Tph1/2, Ido1, Kmo, and Kynu and
promoter methylation in the hippocampus, amygdala, cerebral cortex, and blood of rats exposed
to CMS (chronic mild stress). The animals were exposed to CMS for two or seven weeks followed
by escitalopram treatment for five weeks. The mRNA and protein expression of the genes were
analysed using the TaqMan Gene Expression Assay and Western blotting, while the methylation
was determined using methylation-sensitive high-resolution melting. The CMS caused an increase
of Gpx1 and Nos1 mRNA expression in the hippocampus, which was normalised by escitalopram
administration. Moreover, Tph1 and Tph2 mRNA expression in the cerebral cortex was increased in
stressed rats after escitalopram therapy. The methylation status of the Cat promoter was decreased in
the hippocampus and cerebral cortex of the rats after escitalopram therapy. The Gpx4 protein levels
were decreased following escitalopram compared to the stressed/saline group. It appears that CMS
and escitalopram influence the expression and methylation of the studied genes.

Keywords: depression; chronic mild stress; oxidative stress; tryptophan catabolites pathway; methy-
lation; expression; escitalopram

1. Introduction

Depression is a serious mental illness which is believed to affect 350 million people
worldwide, according to the WHO. It has also been recognized as the third leading cause of
disability in 2015 [1]. Although the condition affects both sexes, women are approximately
twice as likely to develop symptoms [2]. If untreated, depression can lead to suicide at-
tempts, and approximately one million people commit suicide every year [3,4]. In addition,
depression is associated with high economic costs, constituting about 60% of the total cost
of treating all mental conditions [5]. Unfortunately, more than a third of patients suffer
from treatment-resistant depression [6].
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Despite being such a serious health problem, the pathogenesis of depression remains
unclear. However, previous studies suggest that disorders of the tryptophan catabolites
(TRYCATs) pathway and associated overproduction of reactive oxygen species (ROS) may
contribute to depression development [7,8]. Patients with depression are characterised by
a decreased level of tryptophan and increased activity of IDO1 and TDO2, which converts
tryptophan into kynurenine. The following stages of the TRYCATs pathway generate
quinolinic acid, 3-hydroxykynurenine and 3-hydroxyanthranilic acid; these may induce the
production of ROS, such as hydrogen peroxide, and increase lipid oxidation [9–16]. Indeed,
patients with depression are frequently characterised by an increased level of free radicals
and a decreased level of nonenzymatic antioxidants, including zinc, glutathione, and
vitamins E, C, and A [17]. However, more contradictory results have been obtained with
enzymatic antioxidants such as glutathione peroxidase and superoxide dismutase [18–22].

Depression is also associated with changes in specific parts of the brain. Interestingly,
the previous study used with magnetic resonance imaging showed that depressed patients
were characterised by smaller volumes of the amygdala, hippocampus, inferior anterior cin-
gulate, and the orbital prefrontal cortex (OPFC), components of the limbic-cortico-thalamic
circuit [23]. Frodl et al. (2008) confirmed that the brain of patients with depression showed
more decline in grey matter density of the hippocampus, anterior cingulum, left amygdala,
and right dorsomedial prefrontal cortex [24]. In addition, animal studies suggest that
increased level of glucocorticoid observed in patients with depression may negatively
affect neurogenesis and lead to excitotoxic damage or be associated with reduced levels of
key neurotrophins in the hippocampus. Antidepressants may neutralise these effects by
the increase of the neurogenesis in the hippocampus and brain-derived neurotrophic factor
levels [25]. Moreover, increased levels of free radicals may cause cell death and atrophy of
the neurons in the hippocampus and cortex [26]. Therefore, antidepressant drugs may exert
their effectiveness by acting as antioxidants. For example, the antidepressant escitalopram,
a selective serotonin reuptake inhibitor (SSRI). Escitalopram inhibits the serotonin trans-
porter protein and is widely accepted as first-line antidepressant therapy. Escitalopram
is characterized by favorable safety profile and has been shown efficacious for both acute
and long-term treatments. Interestingly, escitalopram may have antioxidant properties,
indicated by increased GABA levels in the frontal cortices of rats exposed to chronic mild
stress (CMS) [27]. Moreover, subchronic treatment with escitalopram caused the reduced
plasma SOD, CAT, malondialdehyde (MDA) and NO levels in depressed patients. How-
ever, Sarandol et al. (2007) found no difference in the levels of polyunsaturated fatty acid
peroxidation products in depressed patients before and after antidepressant therapy [28].
Interestingly, the parameters came close to the results of healthy controls [29].

Therefore, the aim of the present study was to investigate the effect of chronic mild
stress and antidepressant treatment with escitalopram in peripheral blood mononuclear
cells (PBMCs), hippocampus, amygdala and cerebral cortex of rats. The study evaluates
mRNA and protein expression, and the methylation status of gene promoters involved
in oxidative stress (Gpx1, Gpx4, Cat, Nos1, Nos2) and the tryptophan catabolites pathway
(Tph1, Tph2, Ido1, Kmo, Kynu). All studied gene products are presented in Table 1.
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2. Results
2.1. The Effect of CMS Procedure and Escitalopram Treatment on Sucrose Intake

As shown in Figure 1B, after two weeks of initial stress, the stressed rats were charac-
terised by a decrease in sucrose intake (p < 0.05), whereas the escitalopram-treated stressed
animals showed an approximately 60% increase in sucrose intake (Week 7).

Figure 1. The course of the experiment of chronic mild stress and escitalopram therapy (A). Sucrose
intake test in rats exposed to CMS for two weeks (week 2) and in animals exposed to CMS for seven
weeks (week 7) and administered vehicle (1 mL/kg) or escitalopram (10 mg/kg) for five weeks (B).
The consumption of 1.0% sucrose solution was measured in a 1-h test by weighing pre-weighed
bottles. The data represents means ± SEM. n = 6. * p < 0.01 control group relative to the stressed
group; # p < 0.05 stressed group relative to the stressed/esc group.

2.2. mRNA Expression
2.2.1. Gene Expression in PBMCs

The changes in mRNA expression are presented in Figure 2. The stressed rats receiving
chronic administration of escitalopram demonstrated increased Gpx1 (H = 12.130, df = 4,
p = 0.016, Tukey test p < 0.05; H = 12.130, df = 4, p = 0.016, Tukey test p < 0.001, respectively)
and Gpx4 expression in PBMCs as compared to the stressed rats and the stressed rats
after chronic administration of saline (F = 129.836, df = 4, p < 0.001, Tukey test p < 0.001;
F = 129.836, df = 4, p < 0.001, Tukey test p < 0.001, respectively). In the case of the Cat,
Nos2, and genes involved in TRYCATs pathway, no significant differences were observed
between any studied groups.
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Figure 2. (I) mRNA expression of Cat (A), Gpx1 (B), Gpx4 (C), Nos2 (D) Kmo (E), Kynu (F) in PBMCs and (II) mRNA
expression of CAT (A), Gpx1 (B), Gpx4 (C), Nos1 (D), Tph1 (E), Tph2 (F), Kmo (G), Kynu (H) in the brain structures (hip-
pocampus, amygdala, cerebral cortex) of animals exposed to CMS for two weeks (control, stressed) and in animals exposed
to CMS for seven weeks and administered vehicle (1 mL/kg) or escitalopram (10 mg/kg) for five weeks (control/esc,
stressed/saline, stressed/esc). Relative gene expression levels were estimated using a 2−∆Ct (Ctgene–Ct18S) method. Data
represent means ± SEM. n = 6. * p < 0.05, *** p < 0.001 stressed group relative to stressed/esc group; # p < 0.05 stressed
group relative to control group; & p < 0.05, &&& p < 0.001 stressed/esc group relative to stressed/saline group.
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2.2.2. Gene Expression in Brain Structures

As shown in Figure 2, the effect of CMS procedure and chronic escitalopram adminis-
tration on the expression of the studied genes varied according to brain structure. Reduced
levels of Cat mRNA were observed in the hippocampus of the stressed rats after escitalo-
pram therapy as compared to stressed animals (H = 12.233, df = 4, p = 0.016, Tukey test
p < 0.05). In addition, increased Cat mRNA expression was observed in the amygdala after
CMS (H = 12.100, df = 4, p = 0.017, Tukey test p < 0.05), as well as after chronic escitalopram
administration, as compared to the stressed saline group (H = 12.100, df = 4, p = 0.017,
Tukey test p < 0.05). Similarly, elevated Gpx1 mRNA expression was recorded in the hip-
pocampus of the stressed animals (H = 11.433, df = 4, p = 0.022, Tukey test p < 0.05), and
this effect was normalised after chronic administration of escitalopram (H = 11.433, df = 4,
p = 0.022, Tukey test p < 0.05). Additionally, Nos1 mRNA expression was elevated in the
hippocampus following CMS (p < 0.05) and this effect was normalized in stressed rats after
escitalopram treatment (H = 9.462, df = 4, p = 0.024, Tukey test p < 0.05). In addition, Nos1
was also elevated in the amygdala of stressed rats after antidepressant therapy compared
to the stressed rats after saline therapy (H = 9.462, df = 4, p = 0.024, Tukey test p < 0.05).

In the case of genes involved in TRYCATs pathway, Tph1 expression in the cerebral
cortex was elevated following escitalopram treatment compared to the stressed group
(H = 12.433, df = 4, p = 0.014, Tukey test p < 0.05) and the stressed group receiving saline
treatment (H = 12.433, df = 4, p = 0.014, Tukey test p < 0.05). In contrast, Tph2 mRNA
expression in the amygdala fell following CMS. However, this effect was normalised by
chronic administration of escitalopram (H = 8.692, df = 4, p = 0.034, Tukey test p < 0.05).
In addition, higher Tph2 mRNA expression was observed in the amygdala of rats after
antidepressant therapy than in those after saline treatment (H = 8.692, df = 4, p = 0.034,
Tukey test p < 0.05). Elevated Tph2 expression was also observed in the cerebral cortex
of animals after escitalopram treatment as compared to stressed group and animals after
saline treatment (F = 7.123, df = 4, p = 0.006, Tukey test p < 0.05). The chronic administration
of escitalopram caused a decrease of Kmo (H = 9.688, df = 4, p = 0.046, Tukey test p < 0.05)
and Kynu mRNA (H = 10.937, df = 4, p = 0.027, Tukey test p < 0.05) expression in the
hippocampus as compared to saline treatment.

2.2.3. The Effect of Escitalopram Treatment on Gene Expression in PBMCs and Brain
Structures

Escitalopram caused an increase in Tph2 expression in the amygdala and cerebral
cortex compared to PBMCs (p < 0.001) (Supplementary Figure S1). No significant differ-
ences were found between any of the studied groups regarding the effect of escitalopram
treatment on the expression of the other studied genes involved in oxidative stress and the
TRYCATs pathway.

2.3. Methylation Status
2.3.1. Methylation Status of Promoter Regions in PBMCs

Interestingly, no significant change in the methylation status of the promoter regions
of the studied genes was observed between the studied groups following CMS and esci-
talopram therapy (Supplementary Table S1).

2.3.2. Methylation Status of Promoter Regions in Brain Structures

The methylation status of the Cat promoter region was reduced in the hippocampus
and the cerebral cortex of the stressed group after escitalopram treatment as compared
to the stressed group after saline administration (H = 11.412, df = 4, p = 0.022, Tukey
test p < 0.05) (Figure 3). Moreover, the methylation status of the Ido1 promoter region in
the hippocampus and the cerebral cortex was increased in the escitalopram-treated group
compared to the stressed group and saline-treated group (F = 18.681, df = 4, p < 0.001, Tukey
test p < 0.001; H = 12.247, df = 4, p = 0.016, Tukey test p < 0.05, respectively). In addition,
the Kmo promoter region demonstrated increased methylated status in the cerebral cortex
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of stressed animals after escitalopram treatment compared to the stressed rats after saline
therapy (H = 9.829, df = 4, p = 0.043, Tukey test p < 0.05). No significant changes in
the methylation status of promoter regions were observed for the other studied genes
(Supplementary Table S1).

Figure 3. Methylation status of Cat promoter region (I) in the hippocampus (A), amygdala (B)
and cerebral cortex (C) Ido1 and Kmo promoter regions (II) in the hippocampus (A,D), amygdala
(B,E) and cerebral cortex (C,F) of animals exposed to CMS for two weeks (control, stressed) and
in animals exposed to CMS for seven weeks and administered vehicle (1 mL/kg) or escitalopram
(10 mg/kg) for five weeks (control/esc, stressed/saline, stressed/esc). Data represents median and
maxiumum-minimum values. n = 6. * p < 0.05, *** p < 0.001 stressed/esc group relative to stressed
group; & p < 0.05, &&& p < 0.001 stressed/esc group relative to stressed/saline group.

2.3.3. The Effect of Escitalopram Treatment on the Methylation Status of Promoter Regions
in PBMCs and Brain Structures

No significant differences were found between the studied groups with regard to
the effect of escitalopram treatment on methylation status of the promoter regions of all
studied genes involved in oxidative stress and the TRYCATs pathway (Supplementary
Figure S2).

2.4. Protein Expression in Brain Structures

In the brain structures, the only change observed in protein expression associated
with escitalopram treatment was observed in the cerebral cortex, where the level of Gpx4
protein was reduced compared to stressed animals after saline treatment (H = 11.445, df = 4,
p = 0.022, Tukey test p < 0.05) (Figure 4; Supplementary Figure S3). No other significant
differences were observed between the studied groups regarding the other genes involved
in oxidative stress and the TRYCATs pathway.
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Figure 4. Protein expression of Gpx4 in brain structures of animals exposed to CMS for two
weeks (control, stressed) and in animals exposed to CMS for seven weeks and administered vehicle
(1 mL/kg) or escitalopram (10 mg/kg) for five weeks (control/esc, stressed/saline, stressed/esc).
(A) Representative western blot analysis in midbrain and cerebral cortex. C–controls, S–stressed for
two weeks, C/E–control/escitalopram, S/S–stressed/saline, S/E–stressed/escitalopram. (B) Levels
of Gpx4 proteins measured in hippocampus, amygdala and cerebral cortex. Samples containing
25 µg of proteins were resolved by SDS-PAGE. The intensity of bands corresponding to Gpx4 was
analysed by densitometry. Integrated optical density (IOD) was normalized by protein content and a
reference sample (see the Methods Section for details). The graphs show the mean IODs of the bands
from all analysed samples. The IODgene/IODACTB method was used to estimate the relative protein
expression levels in the analysed samples. Data represent means ± SEM. n = 6. & p < 0.05 for the
difference between stressed/saline and stressed/escitalopram groups.

3. Discussion

Our findings demonstrate the impact of CMS and antidepressant treatment with
escitalopram on the level of protein and mRNA expression in PBMCs and the hippocampus,
amygdala and cerebral cortex. We also elucidate the methylation status of the promoter
regions of the genes involved in oxidative and nitrosative stress, as well as the TRYCATs
pathway. However, we didn’t evaluate any oxidative and nitrosative stress markers,
including MDA, 8-oxoguanine, and 8-iso-prostaglandin F2α. The increased levels of the
above-mentioned markers have been repeatedly confirmed in studies involving humans
and animals. Therefore, we focused our research on an attempt to explain the molecular
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causes of changes in the levels of oxidative stress markers, i.e., changes in methylation and
expression of genes encoding antioxidant defence enzymes [30–33].

In the presented study, the chronic mild stress was used as an animal depression model.
Previous studies have shown that the CMS model is associated with the development of
depression-like behaviour; one such form of behaviour is anhedonia, which is manifested
in a reduction of 1% saccharose solution consumption [34–38]. Similarly, the present
results indicate that the stressed rats demonstrated decreased consumption of sucrose
solution and were hence deficient in sensitivity to rewards. On the other hand, five-week
antidepressant therapy with escitalopram caused this effect to be normalised in the stressed
rats. Unfortunately, there is no ideal animal model for depression and also the one used in
this study has its limitations and disadvantages. The CMS model used in the presented
research is based on the reflection of only one symptom of depression, anhedonia. Thus,
the model is rated low in terms of the face validity whereas the criteria of the construct
validity and predictive validity are highly rated. Moreover, in the case of animal models
of depression, it should be remembered that some symptoms cannot be obtained in rats,
e.g., suicidal thoughts. Due to the multifactorial nature of depression and the variety of
psychological symptoms, each animal model used has some imperfections. In the future,
the presented study results may be used to develop new animal models that better reflect
depression [39].

As well as changes in sensitivity to reward, the application of CMS and escitalo-
pram therapy resulted in changes in the expression and methylation status of promoter
regions of genes involved in oxidative and nitrosative stress, as well as the TRYCATs
pathway. Similarly, previous animal studies suggest that such disorders may contribute
to the development of depression [40–43]. In addition, patients with depression also
demonstrate exacerbation of the oxidative process and insufficient antioxidant response, as
well as overproduction of neurotoxic tryptophan metabolites such as quinolinic acid and
3-hydroxykynurenine [44,45]. Interestingly, the metabolites of the TRYCATs pathway may
also induce the generation of reactive oxygen species [9–16]. In addition, CMS and ven-
lafaxine treatment, an antidepressant belonging to the serotonin–norepinephrine reuptake
inhibitor group, has also been found to influence the expression and methylation of genes
involved in the TRYCATs pathway, and on oxidative stress and nitrosative stress [43]. The
present study continues this line of research on the impact of antidepressant treatment on
changes at the molecular level.

The first key finding of the current study is that escitalopram treatment increased Gpx1,
Gpx4, and Nos2 mRNA expression in PBMCs. Enzymes encoded by Gpx1 and Gpx4 genes
catalyse the reduction of hydrogen peroxide to water whereas Nos1 and Nos2 takes part in
NO synthesis [46,47]. Thus, the results suggest that antidepressant treatment with escitalo-
pram may be associated with the reduction of intensifying of the oxidative stress process
or elevated expression of genes encoding antioxidant enzymes in PBMCs. In contrast, Cat,
Gpx1, and Nos1 mRNA expression was increased in the hippocampus of rats after CMS,
and this effect was normalised by chronic administration of escitalopram. Moreover, the
stressed animals were found to demonstrate decreased protein expression of Gpx4 in the
cerebral cortex after escitalopram treatment. Similarly, stressed rats were previously found
to display decreased Gpx1 mRNA expression in the hippocampus after antidepressant ther-
apy with venlafaxine [37]. In addition, superoxide generation was found to be increased in
the cerebral cortex and hippocampus of stressed rats [48]. Such intensification of oxidative
stress has been found to cause increased lipid peroxidation in the cerebral cortex and
hippocampus and protein peroxidation in the cortex of stressed animals [49]. Therefore,
the increased mRNA expression of Gpx1 observed in the hippocampus of rats after CMS
observed in the present study may be associated with an intensification of antioxidant
defence in response to the development of oxidative stress, as indicated previously [42].
Elsewhere, Nos1 and Gpx1 mRNA expression in the midbrain and basal ganglia were found
to be increased in stressed rats, while this effect was normalised by antidepressant therapy
with venlafaxine [42].
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Another animal study found that an oxidative imbalance causes an increase of ROS
levels, resulting in disturbed Tph1/2 mRNA expression and the reduction of serotonin
synthesis [50]. Similarly, our study confirmed that CMS caused a decrease of Tph2 mRNA
expression in the amygdala. Tph converts tryptophan into 5-hydroxytryptophan and
determines the concentration of serotonin [51,52]. Thus, increased expression of Tph1 and
Tph2 can provide an adequate level of serotonin synthesis [53]. Our data confirms that
antidepressant therapy with escitalopram caused an increase of Tph1 mRNA expression
in the cerebral cortex of the stressed rats, as well as Tph2 mRNA in the amygdala. This is
an important finding in the light of the “serotonin hypothesis” of clinical depression, first
proposed 50 years ago. Previous studies have found an impairment of serotonin function
to play a crucial role in the pathophysiology of depression.

Depression may also be associated with elevated levels of the neurotoxic metabo-
lites of the TRYCATs pathway, such as quinolinic acid, 3-hydroxykynurenine, and 3-
hydroxyanthranilic acid. The former is a toxic compound that may induce the generation
of ROS oxidation [9–16]. 3-hydroxykynurenine is a product of the reaction catalysed
by Kmo while 3-hydroxyanthranilic acid is formed in a reaction catalysed by Kynu [54].
Thus, depression may be associated with increased levels of Kmo and Kynu, which may
act as target for antidepressant therapy [55]. Moreover, our present study confirmed
that the mRNA expression of Kmo and Kynu is decreased, while the methylation sta-
tus of the Kmo promoter region is increased, in the cerebral cortex of stressed rats after
escitalopram treatment.

Regarding Ido1, the gene encoding the rate-limiting enzyme of tryptophan metabolism
and catalysed the oxidation of L-tryptophan to N-formylkynurenine [56], increased activity
has been observed in the plasma of patients with depression and rats with anhedonia [57].
Our present findings indicate that the stressed rats demonstrated increased methyla-
tion status in the Ido1 promoter region after escitalopram therapy, which can limit Ido1
mRNA expression.

4. Conclusions

Our findings confirm that the depression and antidepressant therapy may be associ-
ated with the disorders of the interrelated biochemical pathways, including oxidative and
nitrosative stress, as well as the TRYCATs pathway. Disorders in the TRYCATs pathway
may induce oxidative stress processes and vice versa. In addition, it was found that the
changes in mRNA and protein expression and methylation status of promoter regions
appear to be dependent on the type of the tissue or brain structure. Our observations
demonstrate that analyses of mRNA and protein expression, and promoter methylation
status, can shed light on the mechanisms of depression development and the action of
drugs for antidepressant therapy. Unfortunately, our study has some limitations. First,
our research focused only on the expression and methylation of selected genes related
to oxidative stress. Therefore, it cannot be conclusively assessed if escitalopram has any
effects on oxidative stress and damage. Further analyses should be performed to support
this hypothesis. Secondly, it has to be stressed that the depression model used is based
only on anhedonia, expressed by reducing sucrose intake. Therefore, studies with other
animal models of depression should also be conducted in the future.

5. Materials and Methods
5.1. Animals

Male Wistar Han rats (Charles River, Lindau/Bodensee, Germany), weighing ap-
proximately 200–220 g, were individually housed under standard conditions, i.e., room
temperature (22 ◦C) with twelve-hour cycles of day and night, with unlimited access to food
and water. Each studied group consisted of six animals. All experimental procedures were
carried out in accordance with the rules of the 86/609/EEC Directive and were approved
by the Local Bioethics Commission of the Institute of Pharmacology, Polish Academy of
Sciences in Krakow.
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5.2. CMS

In the first stage, rats were trained to consume a 1% solution of sucrose for lasted 1 h
following 14 h water and food deprivation. After the adaptation and training period, the
animals were divided into two matched groups and the sucrose intake test was performed
weekly until the end of the experiment. One group of rats was exposed to a CMS procedure
for two or seven weeks. The stress stimuli consisted of two periods of food or water
deprivation, two periods of low-intensity stroboscopic illumination (150 flashes/min), two
periods of 45◦ cage tilt, one period of paired housing, two periods of soiled cage (250 mL
water in sawdust bedding), two periods of intermittent illumination (lights on and off
every two hours), and three periods of no stress. The stressors were used individually and
continuously, day and night, for 10–14 h periods. Non-stressed animals had unlimited
access to food and water and were individually housed in cages without contact with
the stressed animals. After two weeks of the CMS procedure, the animals were divided
into two groups: one group was sacrificed and decapitated and the other was further
divided into matched subgroups. The latter received daily administration of either vehicle
(1 mL/kg, IP) or escitalopram (10 mg/kg, IP) for five weeks. After this five-week period
and tha last sucrose intake test, all animals were sacrificed and decapitated. The scheme of
the CMS procedure was presented in the Figure 1A.

5.3. Drug

Escitalopram (Carbosynth Ltd., Compton, Berkshire, United Kingdom), obtained
commercially, was dissolved in 0.9% sterile saline and then injected at a dose of 10 mg/kg,
IP (1 mL/kg of body weight).

5.4. Collection of PBMCs and Brain Structure Specimens

Blood samples were taken into vacutainer tubes with anticoagulants. PBMCs were
isolated using Gradisol L (Aqua-Med, Lodz, Poland) and centrifugation and 400× g for
30 min at 4 ◦C. After PBMC isolation, the cell pellets were stored at −80 ◦C until required.
In the case of the brain structures, the samples were frozen in liquid nitrogen and stored
at −80 ◦C until required. The frozen brain samples were then suspended in PBS and
manually homogenised using a FastGene® Tissue Grinder (Nippon Genetics Europe,
Düren, Germany). The samples of PBMC pellets and brain homogenates were used for
later experiments, including RNA and DNA isolation.

5.5. Determination of mRNA Expression Level in PBMCs and Brain Structures

The total RNA samples were isolated from PBMCs pellets and frozen brain structures
using commercial kits (GenElute Mammalian Total RNA Miniprep Kit, Sigma-Aldrich,
ISOLATE II RNA/DNA/Protein Kit, Bioline, respectively) according to the manufacturer’s
protocol. The quantity and purity of RNA samples were confirmed spectrophotometrically
using a Synergy HTX Multi-Mode Microplate Reader, equipped with a Take3 Micro-Volume
Plate (BioTek Instruments, Inc., Winooski, VT, USA).

The RNA samples were diluted to 5 ng/µl and transcribed into cDNA using a High-
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA)
according to the manufacturer’s recommendations. mRNA expression was determined
by real-time PCR using a TaqMan Universal Master Mix, no UNG and species-specific
TaqMan Gene Expression Assay–assay ID: Rn00560930_m1 (Cat), Rn00577994_g1 (Gpx1),
Rn00820818_g1 (Gpx4), Rn00583793_m1 (Nos1) and Rn00561646_m1 (Nos2) (Thermo Fisher
Scientific, Waltham, Massachusetts, USA) according to the manufacturer’s instructions.
Real-time PCR runs were performed using a CFX96TM Real-Time PCR Detection System
Thermal Cycler (Bio Rad Laboratories Inc., Hercules, CA, USA).

The relative levels of mRNA expression of all studied genes were estimated as
fold = 2−∆Ct, where ∆Ct sample = Ct target gene − Ct reference gene, with the 18S (18S ri-
bosomal RNA) gene being used as the reference gene. Additionally, the 2−∆∆Ct method
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was also used to estimate the fold change in expression caused by antidepressant adminis-
tration [58].

5.6. Determination of Methylation Status in PBMCs and Brain Structures

The DNA samples were extracted from PBMCs using QIAamp DNA Mini Kit (Qiagen,
Hilden, Germany) and from brain structures using ISOLATE II RNA/DNA/Protein Kit
(Bioline Ltd., London, UK) following the manufacturer’s instructions. The quantity and
purity of DNA samples were estimated spectrophotometrically using a Synergy HTX Multi-
Mode Microplate Reader, equipped with a Take3 Micro-Volume Plate (BioTek Instruments,
Inc., Winooski, VT, USA). The DNA was then modified by bisulfite using a CiTi Converter
DNA Methylation Kit (A&A Biotechnology, Gdynia, Poland) as indicated by the manufac-
turer. The primers for promoter regions that included CpG islands were designed using
MethPrimer (http://www.urogene.org/methprimer2/) according Wojdacz et al. [59].

PCR amplification and MS-HRM assay were performed on the Bio-Rad CFX96 Real-
Time PCR Detection System (BioRad Laboratories Inc., Hercules, CA, USA) equipped
with Bio-Rad Precision Melt Analysis Software (BioRad Laboratories Inc., Hercules, CA,
USA) to analyse the methylation status of all studied genes. The PCR reactions contained
5 × HOT FIREPol® EvaGreen® HRM Mix (no ROX) (Solis BioDyne Tartu, Estonia), 500 nM
of forward and reverse primers, DNA samples (10 ng/µL) after bisulphite modification
and PCR-grade water. The sequences of the primers and conditions of reaction are pre-
sented in Table 2. Finally, the methylation status of the studied samples was estimated
based on HRM profiles obtained from the amplification of methylated template DNA
(CpGenomeTM Rat Methylated Genomic DNA Standard, Merck Millipore Burlington, MA,
USA) and unmethylated DNA (CpGenomeTM Rat Unmethylated Genomic DNA Standard,
Merck Millipore Burlington, MA, USA). Therefore, serial dilutions of template DNA were
prepared: 0%, 10%, 25%, 50%, 75%, and 100% methylated DNA.
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5.7. Determination of Protein Expression in the Tested Brain Structures

The frozen brain tissue samples were lysed and sonicated in RIPA buffer containing
serine protease inhibitor (1mM phenylmethylsulfonyl fluoride), and then centrifuged for
5 min at 5000 rpm in 4 ◦C. The concentration of protein samples was determined by the
Lowry procedure using a Synergy HTX Multi-Mode Microplate Reader, equipped with a
Take3 Micro-Volume Plate (BioTek Instruments, Inc., Winooski, VT, USA). Following this,
25 µg of the protein samples were separated by 10% SDS polyacrylamide gels electrophore-
sis and transferred onto Immobilon-P membrane (Millipore, Bedford, MA, USA). After
transfer, the membranes were blocked in 5% non-fat dry milk solution and incubated with
primary antibodies. Next, horseradish peroxidase-conjugated secondary antibodies were
used to detect primary antibodies. A fuller description of the antibodies and incubation
conditions is presented in Table 3. Finally, peroxidase substrate solution (Thermo Fisher
Scientific, Waltham, MA, USA) was used for X-ray film visualization by enhanced chemi-
luminescence. The density of the bands was analysed using Gel-Pro® Analyzer Software
(Media Cybernetics Inc., Rockville, MD, USA) and normalized to β-actin levels.
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5.8. Statistical Analysis

All statistical analyses were performed using Statistica 12 (Statsoft, Tulsa, OK, USA)
and SigmaPlot 11.0 (Systat Software Inc., San Jose, CA, USA). The data were expressed
as the mean ± standard error of the mean. The statistical analysis was started with the
Shapiro–Wilk test which was used to evaluate data normality. Then, the one-way analysis
of variance (ANOVA) was used to detect significant differences between samples with
normal distribution whereas differences between probes with non-normal distribution
were confirmed by the Kruskal–Wallis test. Finally, the Tukey test was used as post-hoc
test. A value of p < 0.05 was considered to be significant.

Supplementary Materials: Included the addition results about methylation and expression level:
The following are available online at https://www.mdpi.com/1422-0067/22/1/10/s1, Figure S1:
mRNA expression of Cat (A), Gpx1 (B), Gpx4 (C), Tph2 (D), Kmo (E) and Kynu (F) in PBMCs and
in the brain structures of animals exposed to CMS for two weeks (control, stressed) and in animals
exposed to CMS for seven weeks and administered vehicle (1 mL/kg) or escitalopram (10 mg/kg)
for five weeks (control/esc, stressed/saline, stressed/esc). The effects are presented as fold change
(2−∆∆Ct method; Schmittgen and Livak, 2008). Data represent means ± SEM. n = 6. *** p < 0.001 for
differences between blood and all studied brain structures. Figure S2. The methylation level of Tph1
(A), Ido1 (B), Kmo (C), Cat (D), Gpx1 (E), Gpx4 (F) promoter regions, Nos1 promoter 3 region (G),
Nos1 promoter 7 region (H) between brain structures and PBMCs of animals exposed to CMS for
two weeks control, stressed) and in animals exposed to CMS for seven weeks and treated vehicle
(1 mL/kg) or escitalopram (10 mg/kg) for five weeks (control/esc, stressed/saline, stressed/esc).
Data represent as means ± SEM. n = 6. Figure S3. Protein expression of Cat (A), Nos1 (B), Tph1 (C),
Tph2 (D), Ido1 (E) and Kynu (F) in brain structures of animals exposed to CMS for two weeks (control,
stressed) and in animals exposed to CMS for seven weeks and administered vehicle (1 mL/kg) or
escitalopram (10 mg/kg) for five weeks (control/esc, stressed/saline, stressed/esc). Levels of Cat (A),
Nos1 (B), Tph1 (C), Tph2 (D), Ido1 (E) and Kynu (F) proteins measured in hippocampus, amygdala
and cerebral cortex. Samples containing 25 µg of proteins were resolved by SDS-PAGE. The intensity
of bands corresponding to Gpx4 was analysed by densitometry. Integrated optical density (IOD)
was normalized by protein content and a reference sample (see the Methods section for details).
The graphs show the mean IODs of the bands from all analysed samples. The IODgene/IODACTB
method was used to estimate the relative protein expression levels in the analysed samples. Data
represent means ± SEM. n = 6. No significant changes were found between any groups. Table S1.
Methylation level of, Gpx1 promoter (A), Gpx4 promoter 3 (B), Nos1 promoter 3 (C), Nos1 promoter 7
(D), Tph1 promoter (E), Ido1 promoter (F) Kmo promoter (G) in the hippocampus, amygdala, cerebral
cortex and PBMCs of animals exposed to CMS for two weeks (control, stressed) and in animals
exposed to CMS for seven weeks and administered vehicle (1 mL/kg) or escitalopram (10 mg/kg)
for five weeks (control/esc, stressed/saline, stressed/esc). Data represents means ± SEM. n = 6.
No significant changes were found between any groups.
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Abstract: Tryptophan (Trp) holds a unique place in biology for a multitude of reasons. It is the largest
of all twenty amino acids in the translational toolbox. Its side chain is indole, which is aromatic
with a binuclear ring structure, whereas those of Phe, Tyr, and His are single-ring aromatics. In part
due to these elaborate structural features, the biosynthetic pathway of Trp is the most complex and
the most energy-consuming among all amino acids. Essential in the animal diet, Trp is also the least
abundant amino acid in the cell, and one of the rarest in the proteome. In most eukaryotes, Trp is the
only amino acid besides Met, which is coded for by a single codon, namely UGG. Due to the large and
hydrophobic π-electron surface area, its aromatic side chain interacts with multiple other side chains
in the protein, befitting its strategic locations in the protein structure. Finally, several Trp derivatives,
namely tryptophylquinone, oxitriptan, serotonin, melatonin, and tryptophol, have specialized functions.
Overall, Trp is a scarce and precious amino acid in the cell, such that nature uses it parsimoniously,
for multiple but selective functions. Here, the various aspects of the uniqueness of Trp are presented
in molecular terms.

Keywords: tryptophan; indole; virus; immunity; serotonin; kynurenine; codon

1. Introduction

Tryptophan (Trp, W) is one of three aromatic amino acids that minimally contain a six-membered
benzene ring in their side chains, the other two being phenylalanine (Phe, F) and tyrosine (Tyr, Y).
Whereas Tyr is simply a p-hydroxy derivative of Phe, the side chain of Trp is indole, which is more
complex, as it is a six-membered benzene ring fused to a five-membered pyrrole ring with an integrated
NH group. Trp can also be viewed as a derivative of alanine (A), having an indole substituent on the
β carbon (Table 1). The indole ring of Trp absorbs strongly in the near-ultraviolet wavelength of the
spectrum, with an absorption maximum at 280 nm, which forms the basis of measuring A280 as a
characteristic assay for proteins, distinguishable from nucleic acids that have an absorption maxima at
260 nm.

As presented later, the complex and nitrogenous aromatic side chain of Trp necessitates a large
number of biosynthetic reactions, making Trp the most energetically expensive amino acid to synthesize.
Discovered by Sir F.G. Hopkins in 1901 in milk casein hydrolysate, Trp was found to be an essential
amino acid in experiments with mouse diet. Over the years, interest in Trp and its nutritional role in the
mammalian diet has received enormous attention, much of which can be found in recent reviews [1–6].
Here, I have taken a complimentary approach, critically analyzing the major roles of Trp in cellular
functions and in intermediary metabolism, such as translation, protein structure, adduct formation,
the generation of important regulators, and most recently, RNA virus regulation.
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Table 1. Codons that differ from the Trp codon in the third (wobble) base.

Codon Amino Acid Structure of
Side Chain (-R) Distinguishing Property

UGG Trp
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1. Introduction 

Tryptophan (Trp, W) is one of three aromatic amino acids that minimally contain a six-
membered benzene ring in their side chains, the other two being phenylalanine (Phe, F) and tyrosine 
(Tyr, Y). Whereas Tyr is simply a p-hydroxy derivative of Phe, the side chain of Trp is indole, which 
is more complex, as it is a six-membered benzene ring fused to a five-membered pyrrole ring with an 
integrated NH group. Trp can also be viewed as a derivative of alanine (A), having an indole 
substituent on the β carbon (Table 1). The indole ring of Trp absorbs strongly in the near-ultraviolet 
wavelength of the spectrum, with an absorption maximum at 280 nm, which forms the basis of 
measuring A280 as a characteristic assay for proteins, distinguishable from nucleic acids that have an 
absorption maxima at 260 nm. 

Table 1. Codons that differ from the Trp codon in the third (wobble) base. 

Codon Amino Acid 
Structure of  

Side Chain (-R) Distinguishing Property 

UGG Trp 

 

Aromatic, hydrophobic  

GGG Gly None Smallest, flexible, no side chain 

Aromatic, hydrophobic

GGG Gly None Smallest, flexible, no side chain
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As presented later, the complex and nitrogenous aromatic side chain of Trp necessitates a large 
number of biosynthetic reactions, making Trp the most energetically expensive amino acid to 
synthesize. Discovered by Sir F.G. Hopkins in 1901 in milk casein hydrolysate, Trp was found to be 
an essential amino acid in experiments with mouse diet. Over the years, interest in Trp and its 
nutritional role in the mammalian diet has received enormous attention, much of which can be found 
in recent reviews [1–6]. Here, I have taken a complimentary approach, critically analyzing the major 
roles of Trp in cellular functions and in intermediary metabolism, such as translation, protein 
structure, adduct formation, the generation of important regulators, and most recently, RNA virus 
regulation.  

2. Trp Codon, UGG 

The standard genetic codon table assigns a total of 64 trinucleotide codons to the 20 amino acids 
used in translation. While a majority of amino acids are coded for by a set of four synonymous 
codons, some (e.g., Ser, Leu, Arg) are encoded by six codons, while several (e.g., His, Tyr, Gln, Asn, 
Lys, Asp, Glu, Cys) are encoded by two codons. The synonymous codons are thus functionally 
‘redundant’, as they code for the same amino acid. Three nonsense codons, namely UAA, UAG, and 
UGA, do not code for any amino acid, but rather promote translational stop, and therefore, in this 
function, they are redundant as well. Methionine is an exclusive amino acid, since it is the nearly 
universal starting residue in translation, and is encoded by a single codon, AUG, both for translation 
initiation and for incorporation at internal sites during elongation. It is, therefore, intriguing that the 
only other amino acid, and the only internal amino acid, encoded by a single nonredundant codon, 
is Trp, encoded by UGG. 

The mechanism and implications of the redundancy of codons have been a matter of intense 
speculation and research since the discovery of the complete genetic code [7–9]. The redundancy, 
which generally occurs at the third position of the codon, is possible due to ‘wobble’ base-pairing, as 
proposed by Crick in a set of rules, known as the ‘wobble hypothesis’ [10]. The central tenet of the 
hypothesis is that while the first and second positions of the codon obey the classic Watson–Crick 
base-pairing (A:U, G:C) in codon–tRNA (codon–anticodon) recognition during translation, the third 
position is relatively tolerant to nucleotide mismatch. This is largely due to the structural flexibility 
or ‘wobble’ of the tRNA molecule [10–12]. It is now believed that redundancy serves as a built-in 
genetic safety mechanism such that errors in the third position of the codon will be relatively silent, 
since it will still code for the same amino acid, thus maintaining the wild-type polypeptide sequence. 
Even outside of the synonymous codons, single nucleotide changes in many codons may lead to 
conservative replacements with similar amino acids; for example, changing UCG to ACG changes 
Ser to Thr, hydroxy amino acids that are often functionally similar (e.g., 
phosphorylated/dephosphorylated by the same Ser/Thr protein kinase/phosphatase). Similarly, GAU 
and GAA, differing in the third position, code for the acidic amino acids, Asp and Glu, respectively, 
and CUU and AUU code for Leu and Ile, which are structural isomers. 

The nonredundant Trp codon does not enjoy this benefit, and in fact, single nucleotide 
substitutions at the third position—or at any other position of Trp codon—result in amino acids of 

Hydroxyl, hydrophilic

UGC, UGU Cys
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synthesize. Discovered by Sir F.G. Hopkins in 1901 in milk casein hydrolysate, Trp was found to be 
an essential amino acid in experiments with mouse diet. Over the years, interest in Trp and its 
nutritional role in the mammalian diet has received enormous attention, much of which can be found 
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2. Trp Codon, UGG 

The standard genetic codon table assigns a total of 64 trinucleotide codons to the 20 amino acids 
used in translation. While a majority of amino acids are coded for by a set of four synonymous 
codons, some (e.g., Ser, Leu, Arg) are encoded by six codons, while several (e.g., His, Tyr, Gln, Asn, 
Lys, Asp, Glu, Cys) are encoded by two codons. The synonymous codons are thus functionally 
‘redundant’, as they code for the same amino acid. Three nonsense codons, namely UAA, UAG, and 
UGA, do not code for any amino acid, but rather promote translational stop, and therefore, in this 
function, they are redundant as well. Methionine is an exclusive amino acid, since it is the nearly 
universal starting residue in translation, and is encoded by a single codon, AUG, both for translation 
initiation and for incorporation at internal sites during elongation. It is, therefore, intriguing that the 
only other amino acid, and the only internal amino acid, encoded by a single nonredundant codon, 
is Trp, encoded by UGG. 

The mechanism and implications of the redundancy of codons have been a matter of intense 
speculation and research since the discovery of the complete genetic code [7–9]. The redundancy, 
which generally occurs at the third position of the codon, is possible due to ‘wobble’ base-pairing, as 
proposed by Crick in a set of rules, known as the ‘wobble hypothesis’ [10]. The central tenet of the 
hypothesis is that while the first and second positions of the codon obey the classic Watson–Crick 
base-pairing (A:U, G:C) in codon–tRNA (codon–anticodon) recognition during translation, the third 
position is relatively tolerant to nucleotide mismatch. This is largely due to the structural flexibility 
or ‘wobble’ of the tRNA molecule [10–12]. It is now believed that redundancy serves as a built-in 
genetic safety mechanism such that errors in the third position of the codon will be relatively silent, 
since it will still code for the same amino acid, thus maintaining the wild-type polypeptide sequence. 
Even outside of the synonymous codons, single nucleotide changes in many codons may lead to 
conservative replacements with similar amino acids; for example, changing UCG to ACG changes 
Ser to Thr, hydroxy amino acids that are often functionally similar (e.g., 
phosphorylated/dephosphorylated by the same Ser/Thr protein kinase/phosphatase). Similarly, GAU 
and GAA, differing in the third position, code for the acidic amino acids, Asp and Glu, respectively, 
and CUU and AUU code for Leu and Ile, which are structural isomers. 

The nonredundant Trp codon does not enjoy this benefit, and in fact, single nucleotide 
substitutions at the third position—or at any other position of Trp codon—result in amino acids of 

Thiol, hydrophilic (Ser homolog)

UUG Leu
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universal starting residue in translation, and is encoded by a single codon, AUG, both for translation 
initiation and for incorporation at internal sites during elongation. It is, therefore, intriguing that the 
only other amino acid, and the only internal amino acid, encoded by a single nonredundant codon, 
is Trp, encoded by UGG. 

The mechanism and implications of the redundancy of codons have been a matter of intense 
speculation and research since the discovery of the complete genetic code [7–9]. The redundancy, 
which generally occurs at the third position of the codon, is possible due to ‘wobble’ base-pairing, as 
proposed by Crick in a set of rules, known as the ‘wobble hypothesis’ [10]. The central tenet of the 
hypothesis is that while the first and second positions of the codon obey the classic Watson–Crick 
base-pairing (A:U, G:C) in codon–tRNA (codon–anticodon) recognition during translation, the third 
position is relatively tolerant to nucleotide mismatch. This is largely due to the structural flexibility 
or ‘wobble’ of the tRNA molecule [10–12]. It is now believed that redundancy serves as a built-in 
genetic safety mechanism such that errors in the third position of the codon will be relatively silent, 
since it will still code for the same amino acid, thus maintaining the wild-type polypeptide sequence. 
Even outside of the synonymous codons, single nucleotide changes in many codons may lead to 
conservative replacements with similar amino acids; for example, changing UCG to ACG changes 
Ser to Thr, hydroxy amino acids that are often functionally similar (e.g., 
phosphorylated/dephosphorylated by the same Ser/Thr protein kinase/phosphatase). Similarly, GAU 
and GAA, differing in the third position, code for the acidic amino acids, Asp and Glu, respectively, 
and CUU and AUU code for Leu and Ile, which are structural isomers. 

The nonredundant Trp codon does not enjoy this benefit, and in fact, single nucleotide 
substitutions at the third position—or at any other position of Trp codon—result in amino acids of 
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2. Trp Codon, UGG

The standard genetic codon table assigns a total of 64 trinucleotide codons to the 20 amino acids
used in translation. While a majority of amino acids are coded for by a set of four synonymous codons,
some (e.g., Ser, Leu, Arg) are encoded by six codons, while several (e.g., His, Tyr, Gln, Asn, Lys, Asp, Glu,
Cys) are encoded by two codons. The synonymous codons are thus functionally ‘redundant’, as they code
for the same amino acid. Three nonsense codons, namely UAA, UAG, and UGA, do not code for any
amino acid, but rather promote translational stop, and therefore, in this function, they are redundant as
well. Methionine is an exclusive amino acid, since it is the nearly universal starting residue in translation,
and is encoded by a single codon, AUG, both for translation initiation and for incorporation at internal
sites during elongation. It is, therefore, intriguing that the only other amino acid, and the only internal
amino acid, encoded by a single nonredundant codon, is Trp, encoded by UGG.

The mechanism and implications of the redundancy of codons have been a matter of intense
speculation and research since the discovery of the complete genetic code [7–9]. The redundancy,
which generally occurs at the third position of the codon, is possible due to ‘wobble’ base-pairing,
as proposed by Crick in a set of rules, known as the ‘wobble hypothesis’ [10]. The central tenet of the
hypothesis is that while the first and second positions of the codon obey the classic Watson–Crick
base-pairing (A:U, G:C) in codon–tRNA (codon–anticodon) recognition during translation, the third
position is relatively tolerant to nucleotide mismatch. This is largely due to the structural flexibility
or ‘wobble’ of the tRNA molecule [10–12]. It is now believed that redundancy serves as a built-in
genetic safety mechanism such that errors in the third position of the codon will be relatively silent,
since it will still code for the same amino acid, thus maintaining the wild-type polypeptide sequence.
Even outside of the synonymous codons, single nucleotide changes in many codons may lead to
conservative replacements with similar amino acids; for example, changing UCG to ACG changes Ser
to Thr, hydroxy amino acids that are often functionally similar (e.g., phosphorylated/dephosphorylated
by the same Ser/Thr protein kinase/phosphatase). Similarly, GAU and GAA, differing in the third
position, code for the acidic amino acids, Asp and Glu, respectively, and CUU and AUU code for Leu
and Ile, which are structural isomers.

The nonredundant Trp codon does not enjoy this benefit, and in fact, single nucleotide substitutions
at the third position—or at any other position of Trp codon—result in amino acids of very different
physiochemical and functional properties, all of which, unlike Trp, are aliphatic (Table 1). Two changes
(UGA, UAG) result in stop codons. Clearly, mutations in the Trp codon are highly likely to be deleterious,
which reinforces the aforesaid suggestion that Trp is used judiciously in the protein, only where it is
absolutely needed for its distinctive properties, which are detailed later.
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It is tempting to speculate that the rarity of the Trp codon, combined with the low intracellular
concentration of Trp, will promote ribosome pausing at the Trp codons during translation, allowing
the proper folding of the nascent polypeptide [13–15]. While this is entirely possible, it would be
a premature assumption, since many other factors influence translational dynamics, such as tRNA
concentration, codon usage, and RNA secondary structure, which remain to be fully studied for Trp.

3. Trp Biosynthesis: Salient and Unique Features

With a molecular formula of C11H12N2O2 and molecular weight of 204.22 g/mol, Trp is the largest
proteinogenic amino acid in the cell. As indicated earlier, Trp is not synthesized from simple molecules
in animals, including humans, and is thus essential in their diet. Essential amino acids, in general,
are synthesized by plants and microorganisms, and when present in the animal diet, are derived
mainly from plants. The biosynthesis of all three amino acids, viz. Phe, Tyr and Trp, initially follows
a common pathway that generates chorismate, known as the shikimate pathway [16,17]. From this
point, the Trp biosynthetic pathway veers away from those of Phe and Tyr, in part due to the need
to construct the indole ring of Trp. Chorismate is converted into prephonate, which then bifurcates
into the Phe or the Tyr synthetic pathways; in contrast, chorismate is converted to anthranilate in
the Trp synthesis pathway, which is not a shared precursor for Phe or Tyr synthesis. Subsequently,
four additional steps are required to produce indole. The last step of Trp biosynthesis involves the
condensation of indole with serine, the smallest hydroxy amino acid, which provides the features
common to all amino acids, namely the alpha-carbon and amino and carboxylic groups. This step
is catalyzed by tryptophan synthase (or synthetase), a complex multisubunit enzyme that occurs in
microorganisms and plants but is absent in animals.

Trp synthase is a classic example of “substrate channeling” in which the indole is held in position
within the α subunit until the Ser in the β subunit is converted to the highly reactive aminoacylate,
which is followed by a fast reaction between the two [18]. Importantly, the coordinated channeling of
the reactants prevents the release of indole from the enzyme core; without channeling, the indole could
be released, and due to its hydrophobic nature, could traverse the cell membrane and exit out of the
cell, thus abrogating Trp synthesis at the very last step.

The large number of reactions in the Trp biosynthetic pathway comes with a high energy bill.
This was recognized early on in a pioneering study that calculated the energy cost of the twenty amino
acids by adding the number of high-energy phosphate bonds (~P) required to generate the respective
precursors of each pathway [19]. The bar graph, generated from the data (Figure 1), clearly reveals
that the three aromatic amino acids are the most expensive to synthesize, and Trp, which requires an
equivalent of 74~P bonds, tops the list by a sizeable margin over Phe (52~P) and Tyr (50~P). It has been
postulated that the high energy cost is a major reason that the animals obtain the expensive amino
acids from the diet instead of synthesizing them.
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Figure 1. Total energy cost of amino acid biosynthesis. The total number of high-energy phosphates,
equivalent to ATP and GTP, required for the biosynthesis of each amino acid, was plotted; the numbers
were obtained from [19]. Note that the aromatic amino acids (Tyr, Phe, Trp) are energetically more
expensive than the others, Trp being the highest of all.
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4. Metabolism of Trp

4.1. Trp Degradation Pathways and the Gateway Enzymes

The major pathways of Trp catabolism and conversion to the key secondary metabolites are
summarized here in a simplified diagram (Figure 2).
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enzymes and products are shown. Note that the indole ring of Trp is destroyed at the very first step of
the kynurenine but persists through the serotonin pathway.

Tryptophan is degraded via two parallel pathways, which can be named by their respective
products or intermediates, viz. the serotonin pathway and the kynurenine pathway. These two pathways
are non-overlapping and mutually exclusive, but differ in activity, the kynurenine pathway being
substantially more active in mammalian cells. The two pathways compete with each other for the
available pool of free Trp, not used in translation [20]. Fortunately, due to the low frequency of Trp
residues in the proteins, nearly 99% of the total cellular Trp is available for non-translational use
(Section 7). The serotonin pathway is initiated by tryptophan hydroxylase (TPH) that adds a hydroxy
group to the 5 position of Trp to generate 5-HTP, also called oxitriptan. The kynurenine pathway
is initiated by either of the two heme-containing oxidoreductases, indoleamine 2,3-dioxygenase
(IDO) or the highly related tryptophan 2,3-dioxygenase (TDO). These two first steps are also the
slowest—and hence rate-limiting—steps of the respective pathways, acting as gateways of Trp
recruitment. An important distinction between the two pathways, which was noted earlier [21], is that
the kynurenine pathway destroys the aromatic indole core of Trp, while the serotonin pathway retains
the aromatic structure through all the compounds of the pathway (Figure 2).

Mammals possess two isoforms of TPH, viz. TPH1 and TPH2, which are ~70% identical in sequence,
differing mainly in the regulatory domains, and are expressed in a tissue-specific manner [22,23].
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While TPH1 predominates in peripheral tissues that express serotonin (a neurotransmitter; see later),
such as the gastric system and skin, TPH2 is mostly expressed in neuronal cell types such as the central
nervous system (CNS), specifically the brain. The difference in the regulatory domains likely allows
them to have tissue-specific regulations. TPH is in fact a member of the amino acid hydroxylase
superfamily that also comprises phenylalanine hydroxylase (PAH) and tyrosine hydroxylase (TH), all of
which possess similar active sites and uses the same cofactors, and thus, there is substantial overlap
in their substrates along with preference. TPH, for example, hydroxylates both Trp and Phe with
comparable kinetics; however, it hydroxylates Tyr at a ~5000-fold slower rate [23]. The full implication
and molecular mechanism of the substrate overlap may shed important light on the distribution and
evolution of these enzymes, which have remained unresolved.

Indoleamine 2,3-dioxygenase (IDO or IDO1), the first enzyme of the kynurenine pathway (Figure 2),
serves as an important immunoregulatory checkpoint [24,25]. A closely related isoform (43% similar),
referred as IDO2 [26], likely resulted from gene duplication, but is expressed in a very limited number
of tissues, mainly liver, kidney and antigen-presenting cells in small amounts, and is also enzymatically
much less active on Trp (~340-fold higher Km). It appears to have an accessory role in IDO1-mediated
immune regulation and in inflammation [27,28]. In most literature, and in this review, the term IDO is
to be considered synonymous to IDO1.

4.2. Secondary Metabolites of Trp

Because of the limiting concentration of intracellular Trp, it is reasonable to assume that the
Trp degradation pathways indirectly regulate Trp levels by diverting some of the Trp to secondary
metabolites. Thus, as in translation, Trp is frugally used in degradation, only to generate metabolites
that are physiologically important, which will be briefly discussed here. Several metabolic products
of Trp have received significant attention, the notable ones being 5-HTP (oxitriptan), serotonin
(a neurotransmitter), melatonin, kynurenine, niacin (vitamin B3), and tryptophol. While melatonin
and niacin are end-products of the two parallel pathways described above, 5-HTP, serotonin and
kynurenine are intermediate metabolites (Figure 2). The dietary and pharmacological aspects of these
chemicals have been extensively researched and reviewed, and therefore, only their molecular and
regulatory roles and their relationship to Trp will be summarized, with emphasis on the underlying
mechanisms, where available.

4.2.1. Metabolites of the Serotonin Pathway

Often branded as ‘oxitriptan’, 5-hydroxytryptophan (5-HTP) is a naturally occurring non-proteinogenic
amino acid. As an immediate precursor of serotonin, a well-known monoamine neurotransmitter,
5-HTP is sold around the globe under many brand names as an over-the-counter (OTC) sleeping
aid [29] as well as a suppressor of depression and appetite. Many clinical users prefer 5-HTP as it
crosses the blood–brain barrier, whereas serotonin does not.

Serotonin (5-hydroxytrypatime) exhibits a multiplicity of complex physiological and clinical effects
in diverse tissues, modulating mood, cognition, learning, and vasoconstriction [30,31]. Most of the
regulatory roles of serotonin are triggered by binding to a large family of cell-surface receptors,
known as serotonin receptors or 5-HT receptors [32,33]. However, serotonin can also cause the
receptor-independent regulation of proteins through the post-translational addition of the serotonin
moiety, in a process called ‘serotonylation’, in which the transglutaminase enzyme creates a
glutamyl-amide bond between the primary amine group of serotonin and the carboxyl group of
a glutamine residue in the acceptor protein [34–36]. The expanding list of serotonylated proteins
regulate a variety of processes, such as thrombocyte production, vascular smooth muscle contraction,
pulmonary hypertension, and release of insulin from pancreatic β cells [36].

In the human body, nearly 90% of serotonin is located in the enterochromaffin cells in the
gastrointestinal tract, where it regulates intestinal movements, essential for the proper travel of
food [30,32]. The 1–2% that is found in the CNS participates in the control of mood, sleep and

255



Int. J. Mol. Sci. 2020, 21, 8776

hunger. Serotonin also regulates several cognitive functions, such as memory and learning. Drugs
that alter serotonin levels of the body are used to treat a variety of psychiatric disorders, such as
depression, anxiety, poor memory, migraine, nausea, and phobia, as well as sometimes obesity and
Parkinson’s disease [33]. Several serotonergic psychedelic drugs—naturally occurring as well as
synthetic controlled substances—are agonists of 5-HT receptors [31].

Nonetheless, the pharmacological use and benefit of both 5-HTP and 5-HT (serotonin) have been
matters of controversy [30,37,38], in part because many clinical studies of either metabolite lacked proper
controls and were considered inconclusive in meta-analyses. Both exhibit a plethora of adverse effects,
particularly in higher doses, including cardiovascular problems, upset stomach, headache, agitation,
panic attacks, fatigue, sexual dysfunction, and suicidality. Not unexpectedly, similar side effects and a
lack of scientific evidence also apply to the supplemental use of tryptophan, the parent compound.

Melatonin, a natural hormone, is the end-product of the serotonin pathway, and therefore, all the
upstream compounds, from Trp to serotonin, can serve as its precursor. Melatonin helps to maintain
the circadian clock of the body, particularly the wake–sleep cycle, comprising of ~16 h of daytime
activity and ~8 h of nightly sleep [39]. It is generally safe to use and is used to treat insomnia, jet lag
and various sleep disorders, thrombocytopenia (chemo-induced), ‘winter blues’ and seasonal affective
disorder (SAD), and tardive dyskinesia [40–43]. Melatonin also has some immune-regulatory and
anticancer effects, but these effects need further studies and validation [44,45]. Melatonin is also
produced synthetically and is freely available as an OTC dietary supplement.

4.2.2. Metabolites of the Kynurenine Pathway

The kynurenine pathway (Figure 2) is responsible for processing >90% of the Trp in humans,
producing kynurenine and niacin as the major metabolites. The build-up of these and other metabolites
of this pathway can lead to multiple pathological conditions, such as AIDS-related dementia, multiple
sclerosis, and ischemic brain injury [46–50], although the molecular mechanisms are not fully clear.

Niacin, synonymously called nicotinic acid, is the end-product of the pathway (Figure 2), and is a
form of vitamin B3, essential in human health. Niacin occurs naturally in a variety of foods, such as
meat, fish, and nuts, and is used to treat pellagra, a niacin-deficiency disease that shares some symptoms
with Trp-deficiency. It is commonly seen among the poor and the malnourished in sub-Saharan Africa,
Indonesia and China, as also in rural South America, where the staple food is maize, which is low in Trp
and niacin. Interestingly, niacin is available in two forms, nicotinic acid (or niacin), and nicotinamide
(or niacinamide), both have vitamin function, in which they act as precursors of the coenzymes
nicotinamide adenine dinucleotide and nicotinamide adenine dinucleotide phosphate (NAD and
NADP, respectively). However, niacin is also a medicine, prescribed for lowering cholesterol and
triglyceride levels.

4.2.3. Tryptophol and Related Indole Derivatives

Several biologically important indole derivatives are also produced from separate branches of Trp
metabolism [51]. A major one is tryptophol or indole-3-ethanol (indole–CH2–CH2OH), an aromatic
alcohol. Its biosynthetic pathway (also known as the ‘Ehrlich pathway’ after its discoverer Felix
Ehrlich) begins with the deamination of Trp to 3-indole pyruvate, followed by decarboxylation to
indole acetaldehyde, and then reduction to the alcohol by alcohol dehydrogenase [52]. Tryptophol
is produced mainly by plants and lower eukaryotes, such as yeast, fungus, marine sponge, and the
unicellular protozoan parasite, Trypanosoma brucei, the agent of the deadly African ‘sleeping sickness’.
Specifically, tryptophol is found in wine and beer, as a secondary product of ethanol fermentation by
yeast; it contributes to the distinctive taste of wine, and also acts as a quorum-sensing molecule for yeast
population control [53]. As a strong ‘soporific’ (sleep promoting agent), it is the causative chemical of
‘sleeping sickness’, facilitated by its ability to cross the blood–brain barrier [54]; thus, it can be considered
a functional analog of serotonin and melatonin, the two neuroactive products of the serotonin pathway
of Trp degradation (Section 4.2.1). The 5-hydroxy and 5-methoxy derivatives of tryptophol are also
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sleep inducers, as tested in mice [55]. Note that the best studied plant growth hormone, auxin, is indole
acetic acid (IAA), which is also produced from 3-indole pyruvate in plants, and via several other
parallel pathways in Neurospora crassa, a filamentous fungus [52]. A small amount of Trp is converted
into indole by the action of bacterial tryptophanase enzyme in the gut. A number of organisms
convert tryptophol into other derivatives, such as indole acetaldehyde, and glucoside, galactoside
and mannoside conjugates of unknown function [56–58]. Finally, tryptophol is a starting material
for many natural and synthetic bioactive compounds that have been masterly described in a recent
treatise [59]. A short list of the naturally occurring compounds include goniomitine, spermacoceine,
and physovenine, whereas chemical synthesis generates a seemingly endless roster of products such as
a novel inhibitor of hepatitis C virus NS5B polymerase, and etodolac, which in turn is a progenitor of a
class of bioactive compounds with anti-inflammatory, analgesic and anticancer properties [59].

To sum up, cellular Trp metabolism generates several chemicals of paramount physiological
importance that affect myriad aspects of health and behavior; however, their pharmaceutical
applications and mechanism of action need further scrutiny and in-depth analysis.

4.2.4. Inhibition of Gluconeogenesis by Trp

Trp and some of its metabolites have a unique role in regulating gluconeogenesis, a pathway
that generates glucose from non-carbohydrate carbon substrates, including several amino acids.
Gluconeogenesis in vertebrates takes place mainly in the liver, and constitutes a major mechanism
that maintains blood glucose levels in times of need, such as fasting, starvation and intense exercise,
thus preventing hypoglycemia. Over half-a-century ago, it was noted that tryptophan acts as an
inhibitor of gluconeogenesis [60–62]. Biochemical studies have since revealed that Trp inhibits
phosphoenolpyruvate carboxykinase, a key enzyme of the gluconeogenesis pathway [61], but the
molecular mechanism of this enzymatic inhibition has remained unknown. The metabolic rationale
for the unique anti-gluconeogenesis effect of Trp has also remained a matter of speculation; however,
it is logical to assume that a high concentration of a usually low cellular level of Trp would indicate
adequate energy charge, making the synthesis of glucose unnecessary. Regardless of the mechanism,
Trp appears to act as an important regulator of glucose and energy metabolism.

5. Trp Adducts in Proteins

Enzyme cofactors are typically preformed organic moieties or metals that are added to the enzyme
polypeptide from external sources and are reversibly and noncovalently attached. However, a class of
protein-derived cofactors are formed by the post-translational modification of one or more amino acid
residues [63–67], a prototype example of which is tryptophan tryptophylquinone (TTQ). It is a unique
adduct that functions as an essential cofactor of select amine dehydrogenases, such as methylamine
dehydrogenase (MADH) and aromatic amine dehydrogenase (AADH) [64–66]. TTQ, generated
by irreversible posttranslational conjugation of two Trp residues (hence, sometimes denoted as
Trp–Trp) within the same polypeptide (Figure 3A,B), forms the catalytic or redox-active center of
the dehydrogenase. This role of Trp is critical to prokaryotic energy metabolism, as the MADH
holoenzyme catalyzes the oxidative deamination of methylamine, eventually allowing the organism to
use methylamine as the sole source of carbon, nitrogen and energy [67].

The biosynthesis of TTQ involves the cross-linking of the indole rings of two Trp residues, brought
to proximity by polypeptide folding, and the insertion of two oxygen atoms onto adjacent carbons of
one of the indole rings [63–66] (Figure 3A,B). The synthesis is orchestrated through a complex series
of steps, within a precursor protein of MADH (called pre-MADH), and is completed by the diheme
enzyme, MauG. The details of the electron transfer that occurs during these steps are beyond the scope
of this review, but it is sufficient to mention that strategically located Trp residues of MauG are also
active participants in this process.
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Figure 3. Two representative Trp adducts. Structures of two adducts, (A) tryptophan tryptophylquinone
(TTQ) and (C) cysteine tryptophylquinone (CTQ) are shown, with each amino acid moieties circled
in different colors (three Trp, one Cys), the dioxy-derivative of Trp being blue (compare with the Trp
structure in Figure 2). Both TTQ and CTQ are part of the polypeptide chain, the continuity of which is
indicated by arrowheads. PyMol representation of TTQ in the PDB entry 2BBK is shown in (B).

Lastly, another protein-derived cofactor, cysteine tryptophylquinone (CTQ), exemplifies the
similarity as well as diversity in Trp-derived cofactors [68]. CTQ resembles TTQ in structure, but the
oxygenated Trp residue is crosslinked to the sulfhydryl group of a Cys residue (Figure 3C). In contrast
to TTQ, which are found exclusively in dehydrogenases, CTQ is found in both dehydrogenases and
oxidases [64,68,69]. As observed earlier [64,70], these are the first amino acid oxidases that do not use
flavin as cofactor. Collectively, these tryptophylquinone cofactors showcase the novelty and versatility
of the use of Trp in biology.

6. Interacting Partners of Trp Residues in A Polypeptide

6.1. Nature of Trp Side Chain Interactions

As briefly stated before, the uniqueness of the molecular properties of Trp among the 20 amino
acids is due to a combination of the following structural features [71]: the largest nonpolar (hydrophobic)
area of the two-sided π-electron face that is also polarizable and highly accessible because of its planar
topology; the strongest electrostatic potential for cation–π interactions; and an indole N–H moiety that
can donate a H-bond. Indeed, redox-active Trp side chains play cardinal roles in electron transfer and
protein function through regulated protonation state H-bonding. Lastly, Trp exhibits distinctive and
sharp Raman spectral lines that have facilitated our understanding of the molecular mechanisms of
protein structure and function [72,73].

Nevertheless, there has been no large-scale studies interrogating these properties of Trp for their
interaction with amino acid residues in actual protein structures. To fill this vacuum, a number of
X-ray crystallographic structures of diverse proteins were retrieved from the PDB protein databank
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(https://www.rcsb.org), and the side chain interactions of Trp were compared with those of two other
aromatic residues, namely Phe and Tyr. These residues served as ‘controls’ of one another, since all
three have π–electron surfaces, but Trp is the largest, and Tyr is the only one among the three that has a
polar hydroxyl group. A set of example interactions is illustrated here (Figure 4), in which the nature
of bonds was viewed in the secondary structure presentation in PyMol. For brevity, a single amino
acid, namely Lys, was chosen as the interacting partner of all three, and the spacing was observed from
multiple angles for an optimal view. The rational for choosing Lys was that it is amphipathic, as its
side chain offers both a hydrophobic stretch and a terminal polar (amino) group. Thus, it is capable of
interacting with the hydrophobic section of all three amino acids and also with the hydroxy group of
Tyr. The results (Figure 4) show that this is indeed the case, i.e., the predicted hydrophobic and the
ionic interactions could be discerned in appropriate spatial conformation.
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Figure 4. Interactions of aromatic side chains. Example of similarity and distinction among the three
aromatic amino acids. In all three examples, the hydrophobic aromatic parts of the side chains of Phe (A),
Trp (B), and Tyr (C) are engaged in hydrophobic interaction with the hydrocarbon part of Lys. In case
of Tyr, the acidic (oxyanion, O−) terminus additionally forms an ionic bond with the amino terminus of
Lys side chain (NH3

+), since they are negatively and positively charged, respectively, at physiological
pH. The hydrophobic interaction is denoted by shaded rectangles. Other, interconnecting interactions
are not shown for clarity; for example, the positively charged amino group of Lys435, which appears to
be free in this diagram, is actually engaged in ionic interactions with the negatively charged carboxylic
acid group of Glu232 (not shown), brought to proximity due to folding of the polypeptide. The amino
acids in each interacting pair are indicated with the same color. The structures were obtained from the
PDB entries written below, along with the corresponding energy of stabilizing interaction, as described
in Section 6.1. Only the relevant portions of the proteins are shown as a ribbon diagram in the
PyMol presentation.

Note that this is only a portion of the interactions, relevant for this query, and that each residue
may interact with multiple other entities, such as water molecules, ions, and other neighboring residues.
For example, the nitrogen (NH) of the indole ring can donate a hydrogen bond, and as a result, Trp can
also facilitate the solvation of folded proteins, which cannot occur with Phe. Thus, the Trp side chain
has a dipole moment of ~2D [74], whereas the Phe side chain does not have any. Lastly, cation–π
interactions between the indole ring and Lys/Arg also stabilize a structure, provided they are in the
appropriate spatial location. Nonetheless, the contribution of various environmental and structural
parameters in a larger sample set is required to explore the significance of the energy difference patterns
(also see Section 6.2).
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6.2. The Energy Landscape of Trp Side Chain Interactions

The stabilizing free energy of interaction between amino acid side chains promotes and maintains
the optimal higher order structure of a polypeptide backbone. These studies were, therefore, extended
to analyses of the free energy operating between side chains involving Trp in several randomly selected
proteins. The energy values were collected from the ‘interaction energy matrix web server’, described
previously [75,76], manually entered in Excel, and those for Phe and Trp were separated out for
comparison, since both are aromatic and hydrophobic. For proof-of-concept analysis, values for a total
of 202 Phe and 92 Trp residues were tabulated. To illustrate, the 202 Phe residues interacted with a total
of 105 Ala residues (N), and the total energy of the stabilizing interactions (E) was 244.16 kiloJoules/mole
(kJ/mol). The energy per residue was then calculated as E/N, and this was similarly calculated for each
of the 20 amino acids. In this manner, the strength of interaction between a pair of residues could be
compared regardless of the total number of such pairs. The plotted results (Figure 5) revealed a similar
interaction ensemble for Phe and Trp, i.e., their partner preferences were similar. Trp showed a higher
E/N value for several interacting residues, but most notably for D and E. Interestingly, these residues,
although acidic overall, possess hydrocarbon portions, which may promote stronger hydrophobic
interactions with the larger hydrophobic area of Trp, as shown for Lys–Trp and Lys–Phe.
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Figure 5. Average energy per interacting pair of amino acids. Energy of interaction of Trp or Phe with
other amino acids were collected from multiple proteins, and the total energy (E) of a pair was divided
by the total number of the pair (N) and plotted, as described in Section 6.2. Note the absence of values
for Phe–Gly and Trp–Gly as Gly lacks a side chain.

Since the overall interaction energy survey did not show a clearly distinctive profile for Trp,
it was inquired if perhaps the location of Trp in proteins exhibits a conspicuous signature. To this
end, a previously collected large set of 22,999 pentatricopeptide (35 amino acid) repeats (PPRs) [77]
was analyzed. The PPR is a class of nonidentical 35-amino acid-long repeats that contain signature
amino acids in specific positions, and consist of repeat bihelical structures connected by flexible
loops [77–79]. In previous studies, the Trp residues in the PPR were shown to be concentrated at residue
numbers 3 and 16 [77]. Here, a similar study was performed for Phe and Tyr, and Leu as a dissimilar
‘control’, on the same set of PPRs, and the results were plotted for each (Figure 6), which revealed
amino acid-specific patterns.

Trp was confirmed to occur at positions 3 and 16 (Figure 6A), which are near the beginning of
the two signature PPR helices, designated as helix A and helix B [77]. In contrast, Phe was mainly
concentrated at 23 (Figure 6B), and Tyr at 3 and 10 (Figure 6C). In other words, position 3 was popular
with both Trp and Tyr, but not so much with Phe. Although the exact significance of the placement
remains to be determined, in the more extensively studied and highly related tetratricopeptide repeats
(TPRs) [80] the analogous Trp residue was shown to make extensive packing interactions with Leu in
the preceding helix and H-bonding (by the ring NH) to the backbone carboxylate of the signature Pro32
in the following helix (not shown in Figure 2). A nonaromatic amino acid, Leu, showed no preference
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for any of those ‘aromatic’ positions, but was distributed over several other places (Figure 6D). It thus
appears that Trp has its own preference for specific positions in these bihelical repeats, distinct from
the others.

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 11 of 23 

 

 

Figure 6. Locations of selected amino acids in all-helical repeats. The previously published collection 
of bihelical pentatricopeptide repeat (PPR) sequences [77] were visually analyzed for the location (1 
to 35) of three aromatic residues, namely Trp (A), Phe (B), Tyr (C), and the control, nonaromatic but 
hydrophobic residue, Leu (D), and their percentage of occurrence in each position of the repeat was 
plotted. The most abundant location(s) of the aromatic amino acids are shown in red (Trp3/16, Phe23, 
Tyr3/10) and are indicated as red bars; note that Tyr3 and Trp3/16 tend to reside near the N-terminal 
end of the helices. Helix A and helix B [77,80] are indicated by dotted boxes, respectively, blue and 
purple. 

Trp was confirmed to occur at positions 3 and 16 (Figure 6A), which are near the beginning of 
the two signature PPR helices, designated as helix A and helix B [77]. In contrast, Phe was mainly 
concentrated at 23 (Figure 6B), and Tyr at 3 and 10 (Figure 6C). In other words, position 3 was popular 
with both Trp and Tyr, but not so much with Phe. Although the exact significance of the placement 
remains to be determined, in the more extensively studied and highly related tetratricopeptide 
repeats (TPRs) [80] the analogous Trp residue was shown to make extensive packing interactions 
with Leu in the preceding helix and H-bonding (by the ring NH) to the backbone carboxylate of the 
signature Pro32 in the following helix (not shown in Figure 2). A nonaromatic amino acid, Leu, 
showed no preference for any of those ‘aromatic’ positions, but was distributed over several other 

Figure 6. Locations of selected amino acids in all-helical repeats. The previously published collection
of bihelical pentatricopeptide repeat (PPR) sequences [77] were visually analyzed for the location
(1 to 35) of three aromatic residues, namely Trp (A), Phe (B), Tyr (C), and the control, nonaromatic but
hydrophobic residue, Leu (D), and their percentage of occurrence in each position of the repeat was
plotted. The most abundant location(s) of the aromatic amino acids are shown in red (Trp3/16, Phe23,
Tyr3/10) and are indicated as red bars; note that Tyr3 and Trp3/16 tend to reside near the N-terminal end
of the helices. Helix A and helix B [77,80] are indicated by dotted boxes, respectively, blue and purple.

6.3. Trp in Membrane Proteins and Antimicrobial Peptides

As indicated earlier, even though Trp is hydrophobic overall, the indole NH moiety can donate a
hydrogen bond, and allow it to interact with the aqueous solvent. Moreover, cation–π interactions,
such as when Lys or Arg is close to an aromatic ring, can provide the energy stabilization of several
kilocalories/mole, which is often stronger than ionic bridges [81,82]. The combination of the physical
properties of Trp makes it an ideal amphiphilic residue for the hydrophobic/hydrophilic interface of
membrane proteins, where it likely plays functionally important roles [83]. In fact, while Trp is the
least abundant residue in soluble proteins, accounting for only 1.1% of the amino acids expressed
in cytoplasmic proteins, it is more prevalent in membrane proteins, with an abundance of 2.9% in
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transmembrane α-helical domains [84,85]. Several studies, including the pioneering use of UV Raman
resonance spectroscopy, revealed that Trp residues act as anchors along the lipid bilayer interface,
which stabilizes membrane-spanning proteins [86–88].

An impressive body of literature has documented that indole forms hydrogen bonds in
membrane-associated proteins and peptides [88–93]. In the bacterial β-barrel outer membrane
protein A (OmpA), mutating the Trp residues to Phe in fact destabilized the protein when folded
into lipid bilayers [87,94]. The unique properties of Trp have been harnessed by a large family of
short peptides with broad-spectrum antimicrobial activity, commonly referred to as ‘antimicrobial
peptides’ or AMPs, essential for host defense and survival. Many AMPs also possess multiple other
biological functions, and are therefore, also called host defense peptides (HDPs), such as the ability to
regulate inflammation and immunity [93,95]. In several of them, such as members of the ‘temporin’
and ‘aurein’ family, the pairing of Trp and Arg has been shown to be essential for superior activity
and bioavailability, as reviewed recently [95]. The Trp/Arg amino acid pair is a common theme in
many AMPs, where it allows for cation–π interaction as well as the unique side chain properties of
the Trp indole ring, mentioned earlier, thereby promoting the formation of the proper higher order
structure and interaction with membrane lipid bilayer. A large number of diverse temporins and
aureins, secreted from the skin of several frog species, protect these amphibians from infections in the
wild. In another example, short Trp-rich AMPs provide antimicrobial defense to the water buffalo
(Bubalus bubalis) [96] and have been subjected to mutational analysis. An optimally designed variant,
WRK-12 (WRLRWKTRWRLK), was shown to efficiently target LPS and bacteria-specific phospholipids
on the membrane [97], and as with many other AMPs, the placement of the Trp residues on one face of
the helix (Figure 7A) was crucial for amphiphilicity and membrane interaction.
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Figure 7. Structure of small Trp-containing peptides. (A) Helical wheel presentation of peptide WRK-12
(WRLRWKTRWRLK) and (B,C) three-dimensional structures of gramicidin A (PBD 1C4D) in PyMol
ribbon presentation are shown. All Trp (W) residues are indicated in red. For gramicidin, two views of
the Trp-containing portion of the peptide are presented: a side view (B) and a top view of the cylinder
shape (C), showing the Trp side chains protruded around the channel. The amino- and carboxy-termini
are indicated with N and C, respectively.

The channel peptide antibiotic, gramicidin A, has served as a prototype peptide for protein–lipid
interactions [98]. Gramicidin A is an amphiphilic AMP consisting of 15 amino acids, of which four are
Trp. The gramicidin family has several members of differing sequence, but common structural and
functional features. All gramicidins exhibit a complex ensemble of structures, but in all of them the Trp
residues are clustered on the surface of a helical conformation (Figure 7B,C), so that gramicidin locates
at the membrane interface in the channel. As the Trp residues are substituted by Phe the channel
conductance of the substituted gramicidin decreases along with a loss of antibacterial activity [99,100].
In other words, all four Trp residues are required for the full functionality of gramicidin A [101].
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The formation of H-bond by indole NH, which cannot occur with Phe, is also essential for the
native conformation and function of gramicidin and other ion channels and membrane proteins [102].
Ab initio calculations have also shown that the strength of the H-bonds formed between a proton
donor and the π electron cloud of aromatic side chains, which represent a major class of stabilizing
interactions, follow the order Trp > His > Tyr~Phe, i.e., Trp forms the strongest such bond [103].
Collectively, the examples presented in this section illustrate that the side chain features, location,
and environment of Trp residues are all important for the folding and insertion of membrane proteins
and membrane-associated peptides.

6.4. The Trp-Cage Family of Fast-Folding Peptides

Through studies of specific fragments of a naturally occurring 39-amino acid peptide, isolated
from the oral secretions of a lizard species, Neidigh et al. designed a 20-residue peptide that efficiently
achieved a compact and stable tertiary fold [104,105]. The folded structure was eventually named
‘Trp cage’ as its hydrophobic core shielded the side chain of the single Trp residue from solvent exposure.
Kinetic measurements revealed that complete folding occurred within ~4 µs [106], establishing the Trp
cage peptide as the fastest folding peptide known.

Although the detailed mechanism of the Trp-cage folding is still being researched, biophysical
and molecular dynamics simulation studies implicated the side chain rotamer state of the Trp residue
as a major contributor to the unusually fast folding rate. Subsequently, various residues of the Trp
cage were mutated and several variations of the original Trp cage sequences were also synthesized,
as summarized before [107]. Collectively, this led to the consensus (Figure 8) that the Trp indole ring
forms the center hub of the cage, and the rest of the peptide, which consists of just one α-helix and
one β-strand on either side of the Trp, forms a hydrophobic interior that cradles this side chain to
shield it from the solvent. Several helix–strand interactions hold the cage together, but the notable ones
are the hydrophobic interaction between Tyr3 and Pro19, the salt bridge between Asp9 and Arg16,
and several H-bonded side chains, notably the one contributed by the -OH group of Ser14 (Figure 8).
The hydrophobic large indole ring of Trp was crucial for the cage structure, as the peptides in which
Trp6 was replaced by His or Phe, remain largely unfolded [108].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 14 of 23 
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(IFN-γ) [21], which led to its designation as an “interferon-stimulated gene” (ISG). It was initially 
thought that IDO was a regulator of inflammatory response, and this was due to the depletion of Trp; 
however, the addition of Trp reversed the effect in some cell lines only, but not in others, suggesting 
that the mechanism is more complex [113,114]. Subsequent research demonstrated that IDO1-
expressing immune cells, such as macrophages and dendritic cells, inhibit T-cell proliferation [115–
117]. Mechanistic studies indicated that the T cell inhibition is caused by Trp depletion-induced 
GCN2 and/or mTOR signaling pathways. Studies in cell culture also demonstrated that exogenously 
added kynurenine acts as an immunosuppressive metabolite in combination with transforming 
growth factor. It thus appears that IDO, kynurenine accumulation, and Trp depletion, together with 
metabolic regulation, work together for the observed immunosuppressive effect of IDO [50,118], 
which is still an area of fervent research. Readers interested in further details may read the original 
papers, starting with the references cited here.  

Figure 8. Trp cage fold. The 3D structure (PDB: 2JOF) of the 20 amino acid-long Trp cage peptide of the
sequence DAYAQWLKDGGPSSGRPPPS was retrieved from the NCBI structure bank and shown in
PyMol presentation. The amino- and carboxy-terminal ends are marked as such, and the single α-helix
and the β-strand are colored in cyan and magenta, respectively. The central Trp (W6) is red, the Y3–P9
interacting pair is green, and the D9–R16 interacting pair is orange, as detailed in the text (Section 6.3).
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7. Intersection between Trp Degradation and Immunity

Perhaps the most enigmatic aspect of Trp metabolism that has defied a clear molecular explanation for
years is its intersection with various normal and pathological conditions, such as cancer, multiple sclerosis,
transplantation, peripheral and CNS disorders, and recently in SARS-CoV-2 infection [47–50,109–111].
For the sake of brevity, the focus in this review is on selected branches of immune regulation, a key
character in which is indole 2,3-dioxygenase (IDO), the rate-limiting first enzyme in the kynurenine
pathway of Trp degradation (Figure 2).

It has been noted that only about 1% of dietary Trp is actually used in translation, in part due
to its rarity in the polypeptides (~1.2% of total amino acids in the proteome) [9,84], while the rest is
degraded or converted to multiple other compounds. As alluded to earlier, this makes Trp one of the
largest contributors of non-amino acid metabolites in the cell. Approximately 90% of dietary Trp is
metabolized through the kynurenine pathway alone (Figure 2), and the serotonin pathway utilizes
another 1–2% [112].

IDO is strongly induced in inflammation; in fact, one of the best inducers of IDO is interferon-γ
(IFN-γ) [21], which led to its designation as an “interferon-stimulated gene” (ISG). It was initially thought
that IDO was a regulator of inflammatory response, and this was due to the depletion of Trp; however,
the addition of Trp reversed the effect in some cell lines only, but not in others, suggesting that the
mechanism is more complex [113,114]. Subsequent research demonstrated that IDO1-expressing
immune cells, such as macrophages and dendritic cells, inhibit T-cell proliferation [115–117].
Mechanistic studies indicated that the T cell inhibition is caused by Trp depletion-induced GCN2
and/or mTOR signaling pathways. Studies in cell culture also demonstrated that exogenously added
kynurenine acts as an immunosuppressive metabolite in combination with transforming growth
factor. It thus appears that IDO, kynurenine accumulation, and Trp depletion, together with metabolic
regulation, work together for the observed immunosuppressive effect of IDO [50,118], which is still an
area of fervent research. Readers interested in further details may read the original papers, starting
with the references cited here.

In its antimicrobial role, IDO was originally found to inhibit the replication of the protozoan parasite
Toxoplasma gondii in immune cells [119–121]. Subsequently, an antiviral role of IDO was demonstrated
against measles, herpes simplex, hepatitis B, influenza and respiratory syncytial viruses [122–127].
These studies were performed mostly in cells of immune origin, such as macrophages and dendritic
cells, and thus an immune-regulatory role of IDO could be at play.

Very recently, a novel role antiviral of IDO was reported in cultured A549 cells, which are nonimmune,
lung epithelial cells [21]. The induction of IDO by treatment with IFN-γor by the expression of recombinant
IDO in these cells was found to strongly inhibit the growth of human parainfluenza virus (PIV3),
a negative-strand RNA virus and a major cause of sickness and death in children, the elderly, and the
immunocompromised. The authors used several approaches to demonstrate that 5-hydoxytryptophan
(5-HTP), the first product of the serotonin pathway of Trp degradation and the immediate precursor
of serotonin, is essential to protect PIV3 growth against IDO in cell culture. The apparent antiviral
effect of IDO on PIV3 growth, therefore, was not due to the generation of any of the kynurenine
pathway metabolites, but rather due to the depletion of intracellular Trp by IDO, as a result of which
Trp became unavailable for the alternative, serotonin pathway [21]. These studies established 5-HTP
as a proviral Trp metabolite for PIV3 that is cell-intrinsic and not dependent on active immunity or
humoral response. The mechanism of this proviral role of 5-HTP and its generality for other viruses
remain to be determined.

8. Summary and Conclusions

This review offers a glimpse of the manifold uniqueness of tryptophan in biology, the major areas
of which are summarized in Figure 9. The uniqueness of Trp in a polypeptide sequence derives from
the side chain indole ring with its binuclear aromatic structure that allows it to find large hydrophobic
pockets and support interactions that require a relatively large surface area. This is particularly evident
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in the preponderance of Trp in membrane proteins, membrane-active toxins and channels (Section 6.3),
and in the formation of Trp cage (Section 6.4) and Trp adducts such as TTQ and CTQ (Section 5). It is
not always clear if the indole ring also plays a pivotal role in the nearly two dozen physiologically
functional small molecule metabolites that are derived from Trp, but it likely is, judging by the fact
that many of them lose their bioactivity when the ring structure is opened up. For example, all three
products of the serotonin pathway of Trp degradation (oxitriptan, serotonin, melatonin) (Figure 9)
possess neuroregulatory and psychedelic activities, but all the products of the parallel kynurenine
pathway retain only the six-membered benzene ring of indole and lack these activities.
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Figure 9. Brief schematic summary of the major roles of Trp. This is a concise diagram, showing only
a few selected contributions of Trp, its metabolic products and their major roles and common usage.
All compounds and their abbreviated names have been described at appropriate places in the review.
The two-colored boxes indicate the main functions of the boxed Trp products, namely, the role in
protein structure (Blue) and neuro-regulation (Brown). HCV = Hepatitis C virus. Note that this is by no
means an exhaustive list and that many compounds have multiple roles, and many roles are played by
multiple compounds, which are not shown here for the sake of brevity. AMP = Antimicrobial peptide.

The essential role of 5-HTP for the optimal replication of PIV3 was an unpredictable discovery
that escaped attention for years, in part because the main focus was on the immunoregulatory role
of kynurenine in the parallel pathway, operative in cells of myeloid origin [128]. The PIV3 studies
are highly relevant for a potential antiviral regimen since PIV3 and many other negative-strand RNA
viruses infect and grow in the nonimmune cells as their primary target, such as airway epithelial
cells [129,130]. If 5-HTP is found to regulate the positive-strand RNA viruses as well, this could be
pursued as a potential antiviral strategy against many newly emergent viruses that are lethal, such as
hepatitis C, West Nile, dengue, and SARS-CoV. Lastly, the use of specific enzyme inhibitors of the two
degradation pathways [21] strongly suggested that the steady-state level of 5-HTP is regulated by
several factors; it is elevated by dietary Trp and TPH enzyme activity, and reduced by IDO and aromatic
amino acid decarboxylase (AAAD) enzyme activity (Figure 2). The quantification of these balancing
activities and their effects on virus replication under physiological and pathological conditions can be
rewarding areas of future research of fundamental and clinical importance.

Since Trp is bioenergetically the most expensive amino acid, it makes sense that it is incorporated
in exclusive sites in the protein where it is absolutely needed for protein structure and function, which is
consistent with its rarity in proteins and its single codon. In parallel to its rare use in translation,
Trp is used to generate a plethora of secondary metabolites. In other words, the translational and
non-translational uses of Trp are mutually exclusive and likely compete with each other, since Trp is
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also the least abundant amino acid in the cell. It is tempting to wonder if Trp has other physiological
roles that are still awaiting discovery.
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AAAD Aromatic amino acid decarboxylase
AMP Antimicrobial peptide
CNS Central nervous system
CTQ Cysteine tryptophylquinone
5-HT 5-hydroxy-tryptamine
5-HTP 5-hydroxy-tryptophan
IDO Indole 2,3-dioxygenase
IFN Interferon
LPS Lipopolysaccharide
MADH Methylamine dehydrogenase
OTC Over the counter (non-prescription)
PIV3 Parainfluenza virus Type 3
PPR Pentatricopeptide repeat
TDO Tryptophan 2,3-dehydrogenase
TH Tyrosine hydroxylase
TPH Tryptophan hydroxylase
TPR Tetratricopeptide
TTQ Tryptophan tryptophylquinone
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Abstract: The concept that hypertension and chronic kidney disease (CKD) originate in early life has
emerged recently. During pregnancy, tryptophan is crucial for maternal protein synthesis and fetal
development. On one hand, impaired tryptophan metabolic pathway in pregnancy impacts fetal
programming, resulting in the developmental programming of hypertension and kidney disease in
adult offspring. On the other hand, tryptophan-related interventions might serve as reprogramming
strategies to prevent a disease from occurring. In the present review, we aim to summarize (1) the
three major tryptophan metabolic pathways, (2) the impact of tryptophan metabolism in pregnancy,
(3) the interplay occurring between tryptophan metabolites and gut microbiota on the production
of uremic toxins, (4) the role of tryptophan-derived metabolites-induced hypertension and CKD of
developmental origin, (5) the therapeutic options in pregnancy that could aid in reprogramming
adverse effects to protect offspring against hypertension and CKD, and (6) possible mechanisms
linking tryptophan metabolism to developmental programming of hypertension and kidney disease.

Keywords: aryl hydrocarbon receptor; chronic kidney disease; developmental origins of health and
disease (DOHaD); hypertension; indole; kynurenine; melatonin; serotonin; tryptophan; uremic toxin

1. Introduction

Hypertension affects more than one fourth of the global population [1]. Despite pharmacotherapy
advances over the past decades, the prevalence of hypertension is still rising globally [2].
Like hypertension, chronic kidney disease (CKD) is another major public health concern around
the world [3]. Approximately 10% of the population worldwide is affected by CKD. Hypertension
and CKD are bidirectionally interlinked, because aspects of the pathophysiology are shared by both
diseases in the kidneys. Hypertension is a risk factor for CKD and most patients with CKD have
hypertension. Although hypertension and CKD are more common in adults, both of which can be
driven by environmental insults in early life [4,5]. This has given rise to the concept of “developmental
origins of health and disease” (DOHaD) [6]. Maternal nutrition is an important factor which determines
fetal development. Imbalanced maternal nutrition during pregnancy and lactation produces fetal
programming that permanently alter the body’s morphology and function and leads to many adult
diseases, including hypertension and CKD [7]. Adverse renal programming alters structure and
function of the kidneys permanently and increases the risk for developing hypertension and kidney
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disease later in life [8,9]. Conversely, early-life nutritional interventions have recently started to gain
importance to reverse the programming processes to prevent hypertension and CKD by so-called
reprogramming [10].

Tryptophan is a nutritionally essential amino acid that must be provided through dietary sources.
Given the complexity of tryptophan metabolic pathways, the diverse properties of tryptophan-derived
metabolites have been linked to various pathophysiological states [11–13]. Additionally, tryptophan
metabolism has emerged as a central hub for host–microbe interactions [14]. During pregnancy,
tryptophan is mandatory because of increased demand for maternal protein synthesis and fetal
growth and development [15]. Although the estimated average requirement (EAR) in pregnancy
for total protein is recommended [16], there remains a lack of recommendation of a specific amino
acid like tryptophan for pregnant women. Endogenous tryptophan metabolites (e.g., serotonin and
melatonin) and microbial tryptophan catabolites (e.g., indole and indole-3-aldehyde) have been linked
to hypertension and kidney disease [17,18]; however, the impact of maternal tryptophan metabolism
on the development of hypertension and kidney disease in adult offspring is still largely unknown.

According to the two aspects of the DOHaD concept, tryptophan metabolic pathways may act
as a double-edged sword in developmental programming of hypertension and CKD. This review,
therefore, highlights evidence on the impact of tryptophan metabolism during pregnancy on offspring
hypertension and kidney disease, as well as the role of tryptophan-related interventions as a
reprogramming strategy in the prevention of hypertension of CKD in adult offspring.

We searched the PubMed/MEDLINE databases for studies published in English between January
1990 and July 2020, using the following search terms: “blood pressure,” ”chronic kidney disease”
“developmental programming,” “DOHaD,” “gestation” “hypertension,” “indole,” “indoxyl sulfate,”
“kynurenine,” “melatonin,” “mother,” “maternal,” “offspring,” “progeny,” “pregnancy,” “perinatal,”
“serotonin,” and “tryptophan.” Relevant studies were assessed for inclusion by combining the title and
abstract screening, followed by a review of full-text studies.

2. Tryptophan Metabolism

2.1. Tryptophan Metabolic Pathways

Tryptophan is present in protein-based foods, particularly meat, milk, peanuts and fish [11].
Approximately one-third of the whole-body flux of tryptophan comes from a dietary source, and the
rest is from protein degradation. Although tryptophan is found in the smallest concentrations of
the 20 amino acids in the human body [11], it has complex and multifaceted biological effects due
to its wide range of biologically active metabolites along various metabolic pathways. Tryptophan
metabolism follows three major pathways in the gut: (1) the kynurenine pathway in both epithelial
and immune cells; (2) the serotonin pathway in enterochromaffin cells; and (3) the indole pathway
by the gut microbiota [14]. A schematic summarizing the major tryptophan metabolic pathways is
presented in Figure 1. Tryptophan absorption is primarily mediated by the solute carrier (SLC) 6A19,
encoding system B (0) neutral amino acid transporter 1 (B0AT1). Over 95% of the absorbed tryptophan
is catabolized via the kynurenine pathway, while only 1–2% and 2–3% of dietary tryptophan are
converted into serotonin and indole pathways, respectively [19,20].

First, the kynurenine pathway plays a critical role in generating cellular energy in the form of
nicotinamide adenine dinucleotide (NAD+) [20]. The initial and rate-limiting step in the kynurenine
pathway involves one of three enzymes, namely, the indoleamine 2-3-dioxygenase 1 and 2 (IDO1
and IDO2) and tryptophan 2,3-dioxygenase (TDO). The product of the IDO/TDO-catalyzed reaction,
N-formylkynurenine, is then hydrolyzed to kynurenine. Following its synthesis, kynurenine can
be further metabolized by various enzymes. Kynureninase (KYNU) produces anthranilic acid (AA)
from kynurenine. Kynurenine-3-monooxygenase (KMO) converts KYN into 3-hydroxykynurenine
(3-HK), which can be taken by kynurenine aminotransferase (KAT) to produce xanthurenic acid or
by the KYNU to form 3-hydroxyanthranilic acid (3-HAA). Catabolism of 3-HAA can lead to the
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generation of picolinic acid, quinolinic acid, and NAD+. In addition, KAT can metabolize kynurenine
into kynurenic acid.

Second, the serotonin pathway is initiated by tryptophan being hydroxylated by
tryptophan hydroxylase (TPH) to the intermediate 5-hydroxytryptophan (5-HTP), which is
subsequently decarboxylated by aromatic amino acid decarboxylase (AAAD) to become serotonin
(5-hydroxytryptpamine, 5-HT). The enterochromaffin cells in the gut account for almost 90% of
the human body’s serotonin synthesis. Serotonin can be acetylated to form N-acetylserotonin by
arylalkylamine N-acetyltransferase (AANAT), followed by N-acetylserotonin O-methyltransferase
(ASMT) to generate melatonin. One the other hand, serotonin can be metabolized by monoamine
oxidase (MAO) to 5-hydroxyindoleacetic acid (5-HIAA).
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Figure 1. Overview of tryptophan metabolism through the kynurenine (yellow), serotonin (blue),
and indole (purple) metabolic pathways. The black arrow lines indicate the host pathway, while
the blue arrow lines indicate the microbial pathway. The asterisk indicates the aryl hydrocarbon
receptor (AhR) ligand. IDO = indoleamine 2-3-dioxygenase; TDO = tryptophan 2,3-dioxygenase;
AA = anthranilic acid; KMO = kynurenine-3-monooxygenase; KYNU = kynureninase; 3-HK =

3-hydroxykynurenine; KAT = kynurenine aminotransferase (KAT); 3-HAA = 3-hydroxyanthranilic
acid; NAD+ = nicotinamide adenine dinucleotide; TPH = tryptophan hydroxylase; 5-HTP =

5-hydroxytryptophan; AAAD = aromatic amino acid decarboxylase; AANAT = arylalkylamine
N-acetyltransferase; ASMT = N-acetylserotonin O-methyltransferase; MAO = monoamine oxidase;
5-HIAA = 5-hydroxyindoleacetic acid; TNA = tryptophanase; IAA = indoleacetic acid; IAld =

indole-3-aldehyde; IAAld = indole-3-acetaldehyde (IAAld); IA = indoleacrylic acid; IPA =

indole-3-propionic acid; ILA = indolelactic acid; IPYA = Indole-3-pyruvate; ArAT = acromatic
amino acid aminotransferase; TMO = tryptophan 2-monooxygenase; IAM = indole-3-acetamide.

Last, a small amount of tryptophan is converted by gut microbiota into tryptamine, and through
the action of the enzyme tryptophanase (TNA) into indole and its derivatives [13]. Tryptamine induces
the release of serotonin by enterochromaffin cells. Indoles can be further metabolized to indoxyl
sulfate (IS) and indoxyl-β-D glucuronide (IDG) in the liver [21]. Many indole derivatives, such as
indoleacetic acid (IAA), indole-3-aldehyde (IAld), indole-3-acetaldehyde (IAAld), indoleacrylic acid
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(IA), and indolelactic acid (ILA), are ligands for aryl hydrocarbon receptor (AhR) [22]. As shown in
Figure 2, several microbial tryptophan catabolites like IS, IDG, and IAA are unable to be excreted
in urine in patients with CKD. These tryptophan metabolites are accumulated as uremic toxins [23].
In addition to the indole pathway, tryptophan-derived uremic toxins can also come from the kynurenine
pathway, such as kynurenine, kynurenic acid, 3-HK, 3-HAA, and quinolinic acid.
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signaling pathways, production of KA for neuronal protection, and NAD+ synthesis [15]. Previous 
studies illustrated the increased requirement and transport of tryptophan to the fetus because 
tryptophan level in umbilical cord was higher than in maternal plasma [15]. Pregnancy-associated 
plasma hypoaminoacidemia develops early in gestation and persists throughout pregnancy [26]. 
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Figure 2. Schematic representation of the interplay occurring between tryptophan metabolites and gut
microbiota on the production of uremic toxins in patients with chronic kidney disease (CKD). Microbial
tryptophan catabolites are from the kynurenine (purple box) and indole (blue box) metabolic pathways.
The black arrow lines indicate tryptophan metabolites are absorbed through the gut epithelium and
enter the bloodstream. The indole can be further metabolized to indoxyl sulfate (IS) and indoxyl-β-D
glucuronide (IDG) in the liver. Under chronic kidney disease (CKD), the kidneys are unable to excrete
these tryptophan metabolites and cause the accumulation of uremic toxins. AhR = aryl hydrocarbon
receptor; 3-HK = 3-hydroxykynurenine; 3-HAA = 3-hydroxyanthranilic acid; IPA = indole-3-propionic
acid; ILA = indolelactic acid; IAA = indoleacetic acid; IAld = indole-3-aldehyde.

2.2. Tryptophan Metabolism in Pregnancy

The quantitative dietary tryptophan requirement varies broadly across species [24]. The
recommended daily intake of tryptophan was 4 mg/kg body weight for adult humans by the WHO [25].
Tryptophan requirements in pregnancy are increased, because of the increased demand for maternal
protein synthesis, fetal requirements for growth and development, serotonin release for signaling
pathways, production of KA for neuronal protection, and NAD+ synthesis [15]. Previous studies
illustrated the increased requirement and transport of tryptophan to the fetus because tryptophan
level in umbilical cord was higher than in maternal plasma [15]. Pregnancy-associated plasma
hypoaminoacidemia develops early in gestation and persists throughout pregnancy [26]. Whole-body
protein turnover studies demonstrated increased protein synthesis by 15% in the second trimester and
25% during the third trimester [25]. The current recommended pregnancy EAR for total protein is
0.88 g/kg/day, which is 1.33 times the EAR for non-pregnant adults; however, no recommendation has
been developed for tryptophan requirements in human pregnancy [27]. In swine, the requirements for
tryptophan have been revealed to increase by 35% during the late stages of pregnancy when compared
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to the early stages [28]. However, gestation-stage-specific dietary tryptophan recommendation awaits
further evidence.

Excessive or insufficient consumption of a specific amino acid has been linked to adverse fetal
outcomes [29,30]. Plasma tryptophan level is high at birth, but quickly declines within 24 h and reaches
normal values by day 7 of life [31]. In terms of placentas at delivery, the KYN-to-tryptophan ratio
measured in the chorionic plate is higher than that in the peripheral blood, suggesting placental IDO
activity is highly active at delivery [32]. Additionally, the NAD pathway is enhanced in pregnant
women and rats [33]. In the serotonin pathway, an adequate supply of serotonin and melatonin is
crucial for fetal development [34–36]. Clinical and experimental evidence support the notion that
perinatal selective serotonin reuptake inhibitors (SSRI) exposure can reduce body weight, impair
brain development, and cause life-long adverse emotional health [37]. In a maternal melatonin
deficient rat model, offspring had disrupted circadian rhythms and intrauterine growth retardation
(IUGR), which were prevented by maternal melatonin treatment [38]. These findings indicate that
tryptophan-derived metabolites in the serotonin pathway acts in different ways in the maternal–fetal
system to bring on a successful pregnancy and fetal development.

3. Tryptophan Metabolism in Hypertension and Kidney Disease

Dietary tryptophan was shown to have a negative correlation with systolic BP in the TwinsUK
study [39], while this finding was not supported by other evidence [40]. In hypertensive animal
models, dietary tryptophan has been reported to attenuate the development of hypertension in the
spontaneously hypertensive rats [41], Dahl salt-sensitive rats [42], and renovascular hypertensive
rats [43]. Of note is that not only tryptophan but also its metabolites have vasodilatory property [44].
First, KYN was known to dilate coronary arteries or aorta in different animal species in a dose-dependent
manner [44]. In a renovascular hypertensive rat model, higher plasma levels of several kynurenine
metabolites such as KYN and AA were found in hypertensive rats than in sham rats [45]. In contrast,
overexpression of IDO, a rate-limiting enzyme in the kynurenine pathway, in endothelium could
protect against hypoxia-induced pulmonary hypertension in rodents [46]. These observations suggest
hypertension is associated with activation of the kynurenine pathway (Figure 3). Second, the role
played by serotonin in BP regulation is complex and still unclear [47]. Variations of serotonin levels in
the plasma and platelet in different types of hypertensive patients can be increased [48], unaltered [49],
or even decreased [50]. Although human and animal studies showed serotonin mainly results in
acute and direct effect of arterial constriction [47], chronic administration of serotonin causes a
long-term decrease in BP [51,52]. Melatonin is another important metabolite in the serotonin metabolic
pathway. As we reviewed elsewhere, melatonin can prevent the development of hypertension via
receptor-dependent and receptor-independent actions [53].

Uremic toxins derived from tryptophan fermentation by gut microbiota are associated with
cardiovascular disease (CVD) in patients with CKD [17,23]. Tryptophan-derived uremic toxins,
mainly coming from the indole and kynurenine pathways, have prooxidant, proinflammatory,
procoagulant, and pro-apoptotic effects [23]; moreover, most of them are potent AhR ligands [23].
In patients with CKD, serum tryptophan level is decreased whereas metabolites of the kynurenine
pathway are increased [54,55]. Despite the fact that hemodialysis can reduce kynurenine metabolites,
plasma levels of KYN, 3-HK, AA, xanthurenic acid and quinolinic acid were still higher in uremic
patients than those in healthy volunteers [55]. Uremic toxins from the kynurenine pathway like
KYN and 3-HK are most frequent elevated in patients with CVD [56]. Moreover, tryptophan-derived
uremic toxins from the indole pathway are also relevant to CVD in patients with CKD. IS was
associated with the presence of CVD and cardiovascular mortality in uremic patients [57]. Moreover,
bacterial tryptophan catabolites including IAA, IA, IAlD, ILA are AhR ligands [13]. Previous studies
demonstrated that exogenous AhR ligand induces a high BP [58–60] and activation of AhR modulating
T helper 17 (TH17) axis is involved in the development of hypertension [61]. Indoxyl sulfate (IS) is one
of the most extensively studied uremic toxin. IS has been shown to induce inflammation and fibrosis
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in proximal tubule cells, impair the proliferation of endothelial cells, promote calcification of vascular
smooth muscle cells, induce oxidative stress in proximal tubular and endothelial cells, and increase
AhR-regulated gene expression in endothelial cells [57]. Together, these mechanisms are thought to
cause CVD and CKD progression [57].

A growing body of evidence has demonstrated three tryptophan metabolic pathways connect
hypertension and kidney disease (Figure 3), but relatively little is known about the role of maternal
tryptophan metabolism in the development of hypertension and CKD in offspring. Whether targeting
on tryptophan metabolic pathways can be applied in pregnancy to improve offspring renal outcomes
remains to be addressed.
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Figure 3. Schematic diagrams indicate repartitioning of tryptophan metabolic pathways in hypertension
(HTN) and chronic kidney disease (CKD) based on the available literature data. The three major
tryptophan metabolic pathways are kynurenine (yellow), serotonin (blue), and indole (purple) pathways.
They are tightly interconnected to maintain good health and differentially affected in diseases. Weights of
arrow lines indicate strength of pathway activation. The restoration of impaired tryptophan metabolic
pathways using tryptophan supplementation, melatonin, or aryl hydrocarbon receptor (AhR) antagonist
represents a promising reprogramming strategy.

4. Tryptophan Metabolic Pathways: Programming versus Reprogramming Effects

4.1. Tryptophan-Related Metabolites-Induced Hypertension and CKD of Developmental Origin

A maternal low protein diet has been reported to program hypertension-related disorders in adult
offspring in rodents, pigs, sheep, and cows [62–64]. Some studies demonstrated that maternal dietary
tryptophan deficiency caused adverse effects on the development of the brain, liver, and skeletal
muscle in rats [65–67]. However, there were no studies showing the programming effect of specific
amino acid deficiency like tryptophan in pregnancy on offspring’s BP and renal outcome in humans
and animals [28]. A plethora of tryptophan-derived metabolites have both detrimental and beneficial
effects [11–13]. Therefore, excessive or deficit of a particular tryptophan-generating metabolite in
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pregnancy might be linked to hypertension and kidney disease in adult offspring. Maternal deficiency
of melatonin, a tryptophan-derived metabolite produced in the serotonin pathway, has an increased risk
for developing hypertension in adult offspring in a constant light exposure rat model [68]. Additionally,
maternal CKD was reported to induce renal hypertrophy and hypertension in 12-week-old adult
male rat offspring [69]. Since several uremic toxins from the kynurenine and indole pathways are
endogenous ligands of AhR [58] and previous studies reporting maternal exposure to exogenous
AhR ligand can induce hypertension and kidney disease in adult offspring [59,60], AhR activation
might be an important target hub linking tryptophan metabolism and hypertension and kidney
disease of developmental origin. Collectively, these observations suggest that dysregulated tryptophan
metabolism in early-life is tightly linked to the risk for developing hypertension and kidney disease
in adulthood.

4.2. Targeting on Tryptophan Metabolic Pathway as Reprogramming Strategies in Animal Models

Conversely, DOHaD theory offers a strategy to prevent the development of adult hypertension
and kidney disease during early life, namely reprogramming [10]. Tryptophan supplementation has
been used for the treatment of sleep disorders, pain, insomnia, depression, seasonal affective disorder,
bulimia, attention deficit disorder, and chronic fatigue [11,70]. Nevertheless, less attention has been
paid to study the potential beneficial effects of tryptophan supplementation during pregnancy and
lactation on offspring health [11].

Since tryptophan-derived metabolites (e.g., serotonin and melatonin) and tryptophan-related
signaling pathway (e.g., AhR) could be an alternative to obtaining the benefits provided by tryptophan,
such tryptophan-related reprogramming interventions were recruited in the current review (Figure 3),
with a focus on hypertension and kidney disease. We restricted this review to tryptophan-related
interventions applied only during pregnancy or lactation periods, as there are critical periods for
reprogramming strategies to prevent hypertension and kidney disease of developmental origin [71],
which are listed in Table 1 [59,60,68,69,72–82].

Various adverse early-life environmental factors have been examined to induce hypertension
and kidney disease in adult offspring, including a maternal CKD [69], SHR [72,80], a maternal caloric
restriction [73], a maternal L-NAME exposure and/or postnatal high-fat diet [74,82], a maternal
high-fructose diet [75], a maternal constant light exposure [68], a maternal high methyl-donor diet [76],
a maternal high-fructose diet plus a post-weaning high-salt diet [77], a prenatal glucocorticoid (GC)
exposure and/or post-weaning high-fat diet [78,79], a maternal plus post-weaning high-fructose
diet [81], maternal 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) and GC exposures [59], and a maternal
bisphenol A (BPA) exposure and high-fat diet [60]. These diverse in utero insults cause adverse
phenotypes in adult offspring including hypertension [68,69,72–82], altered transcriptome [76], and
reduced nephron numbers [78]. All these adverse offspring outcomes can be prevented, or at least
attenuated, by tryptophan-related interventions.
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As shown in Table 1, rats are the most used subjects among animal models of developmental
programming. One study showed tryptophan supplementation in pregnancy was reported to
protect adult offspring against hypertension programmed by maternal CKD [69]. Although many
researchers have studied tryptophan requirement in pigs [24], little is known whether tryptophan
supplementation is beneficial in preventing kidney disease and hypertension in large animal models.
Although a wide-range of metabolites come from tryptophan metabolism, only melatonin has been
studied as a reprogramming intervention in pregnancy and lactation to protect adult offspring
against hypertension and kidney disease of developmental origin [53]. Melatonin has pleiotropic
biofunctions, such as antioxidant, anti-inflammation, regulation of circadian rhythm, and epigenetic
regulation [53,83]; it also plays a vital role in pregnancy and fetal growth [84,85]. Perinatal melatonin
therapy not only prevents hypertension programmed by diverse early-life insults [68,72–79] but also
affects nephron number and renal transcriptome [76,78]. Reviews elsewhere have highlighted that
low nephron number increases later life risk of hypertension and kidney disease [71,86]. In rats,
prenatal glucocorticoid (GC) exposure causes a reduced nephron number and hypertension in adult
offspring [78,87]. Melatonin therapy during pregnancy and lactation can prevent the reduction in
nephron number and the rise of BP [78]. These findings indicate there is a renal reprogramming
effect of melatonin protecting against maternal GC exposure-induced adverse offspring outcomes.
Another study reported that a maternal methyl-donor diet results in alterations of renal transcriptome
and programmed hypertension in adult rat offspring [76]. Conversely, maternal melatonin therapy
altered 677 genes in renal transcriptome by which the elevation of BP in adult offspring can be
attenuated [76]. Although oral tryptophan supplementation was reported to increase nocturnal
circulating melatonin levels in Wistar rats [88], whether the above-mentioned beneficial effects
of melatonin can be reached by maternal tryptophan supplementation remains to be elucidated.
Like melatonin, serotonin is another important tryptophan-generating metabolite from the serotonin
metabolic pathway. Being a neurotransmitter, the impact of serotonin has been extensively studied in
developmental programming of neuropsychiatric disorders [34,89,90]. Nevertheless, its reprogramming
effects on hypertension and kidney disease of developmental origin have not been reported yet.

On the other hand, several bacterial tryptophan catabolites from the indole and kynurenine
pathways are AhR ligands [13]. Since maternal AhR activation is related to programmed hypertension
and kidney disease in adult offspring [59,60], AhR antagonists might be a potential reprogramming
strategy to reverse programming processes and prevent adverse outcomes. Resveratrol, a natural AhR
antagonist [91], has been proposed to reprogram hypertension-related disorders [92]. This review
presents that resveratrol supplementation in pregnancy and lactation can aid in preventing the
development of hypertension in various developmental hypertension models, including SHRs [80],
a maternal high-fructose diet [81], maternal TCDD and GC exposures [59], and a maternal BPA
and high-fat diet [60]. So far, a specific AhR antagonist still remains inaccessible in clinical practice.
Because resveratrol has multiple biological functions not just an AhR antagonist, whereas not all
tryptophan-derived metabolites are AhR ligands, additional studies are required to elucidate which
metabolite(s)-induced hypertension and kidney disease is AhR-dependent and develop a specific
AhR-targeting approach as a reprogramming intervention in the future.

5. Common Mechanisms Link Tryptophan Metabolism to Developmental Programming of
Hypertension and Kidney Disease

Although several organ systems are involved in the regulation of BP, renal programming is
considered crucial in the development of hypertension and kidney disease [8–10]. It is clear from
the preceding sections that diverse early-life environmental insults lead to same offspring phenotype
(i.e., hypertension and kidney disease) indicating that there may be common mechanisms underlying
renal programming. To date, animal models have provided insight on certain pathways underlying
renal programming [8–10]. Notably, some of these mechanisms that have been previously connected
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to tryptophan metabolism include oxidative stress, gut microbiota, activation of the renin–angiotensin
system (RAS), and immunity/inflammation. Each will be discussed in turn.

5.1. Oxidative Stress

Pregnancy is characterized by a state of high oxidative stress owing to increased basal oxygen
consumption [93]. Oxidative stress is an imbalance between oxidants and antioxidants in favor
of oxidants. Previous works that haven been published support that oxidative stress is important
for the developmental programming of hypertension and kidney disease [71,94]. Various animal
models demonstrate oxidative stress involved in renal programming and hypertension, including
prenatal GC exposure [43], maternal caloric restriction [73], maternal high fructose diet [75],
maternal high methyl-donor diet [76], maternal NO depletion [82], and maternal diabetes [95].
Several tryptophan-derived metabolites from the kynurenine pathway like kynurenine, 3-HK, 3-HAA,
and quinolinic acid have shown pro-oxidant effects [96–99]. However, evidence regarding the
antioxidant effects of metabolites generated from the kynurenine pathway have also been reported [100].
Additionally, it is acknowledged that uremic toxins from the indole metabolic pathway like IS and IDG
can induce oxidative stress, which in turn contributes to the progression of CKD [23].

Conversely, antioxidant therapy in pregnancy has been shown to protect offspring against
hypertension and kidney disease programmed by different in utero environmental insults [94,101].
Melatonin, a potent antioxidant from the serotonin pathway, has shown beneficial effects on
hypertension and kidney disease of developmental origin [68,72–79]. Though there is evidence
on the correlation between oxidative stress and tryptophan metabolism, a single unifying theory
that can show the beneficial or detrimental effects of various metabolites generating from different
pathways is lacking.

In a maternal CKD model, tryptophan supplementation during pregnancy and lactation protects
offspring hypertension and is associated with restoration of nitric oxide (NO) [69]. NO is a vasodilator
and free radical and plays a role in oxidative stress. NO deficiency and increased oxidative stress in
the kidney contribute to the pathogenesis of hypertension [102]. Accordingly, targeting NO has been
reported as a reprogramming strategy to prevent hypertension and kidney disease of developmental
programming [102]. There is a close interlink between NO and tryptophan metabolism. NO can
inhibit IDO activity [103], inactivate TPH [104], mediate melatonin production [105], and counteract
the inhibitory effect of indole-derived uremic toxin IS [106]. The potential for use of tryptophan for its
antioxidant properties in pregnancy must be investigated for its metabolism interplay with oxidative
stress in determining its impact on hypertension and kidney disease of developmental origin.

5.2. Gut Microbiota

Dsybiotic gut microbiome in early life may have adverse effects resulting in adulthood diseases,
including hypertension [107]. The role of gut microbiota in the pathogenesis of hypertension
and CKD is suspected [108]. A growing body of evidence proposes several possible mechanisms
to link gut dysbiosis and hypertension, including alterations of gut microbiota composition
and their metabolites, increased sympathetic activity, activation of the renin–angiotensin system
(RAS), and inhibition of NO [109]. Of note is that the composition of the microbiota determines
several tryptophan metabolites as they are gut microbial catabolites. These tryptophan-derived
microbial catabolites are crucial signaling molecules in host–microbial crosstalk contributing to
systemic homeostasis [13]. Several bacterial species have been reported to produce tryptophan
catabolites, such as Clostridium, Bifidobacterium, Lactobacillus, Ruminococcus, Ruminiclostridium,
Bacteroides, and Peptostretococcus [13,110,111]. We recently reported that maternal tryptophan
supplementation protects offspring against hypertension programmed by maternal CKD is associated
with alterations to several tryptophan-metabolizing microbes, including Lactobacillus, Ruminococcus,
and Clostridium [69]. The involvement of tryptophan-metabolizing microbes is obvious in terms of
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the ability to produce tryptophan catabolites but might also account for the pathogenesis of maternal
CKD-induced hypertension.

In experimental and clinical CKD, microbiota-derived uremic toxins from indole and kynurenine
pathways are increased and contribute to the progression of CKD and CVD [17,23,112]. Recent studies
support the notion that microbiota-targeted therapies can be applied to a variety of diseases [113],
including CKD [114,115]. Manipulating the gut microbiota with prebiotics or probiotics has been
reported to reduce gut microbiota-derived uremic toxins in CKD [114,115]. In our hands, targeting gut
microbiota by prebiotics (i.e., a special form of dietary fiber), probiotics (i.e., beneficial bacteria in the
gut), or postbiotics (i.e., microbial metabolites) is able to prevent hypertension programmed by various
early-life insults [116–118]. However, the identification of microbes involved in the modulation of
tryptophan metabolite signaling and developing microbiota-targeted therapy for hypertension and
kidney disease of developmental origin demand further investigation.

5.3. Renin–Angiotensin System

RAS is a coordinated hormonal cascade in the control of BP and renal physiology [119]. The classical
RAS, defined as the angiotensin converting enzyme (ACE)–Ang II-angiotensin type 1 receptor (AT1R)
axis, promotes sodium retention and elevation of BP. Conversely, the non-classical RAS composed of
the ACE2–Ang-(1-7)-Mas receptor axis leads to vasodilatation [119]. Pharmacological blockade of the
classical RAS is currently used to treat hypertension and kidney disease [120]. A growing body of
evidence indicates that dysregulated RAS is a common mechanism underlying renal programming and
programmed hypertension [6,8–10]. Early blockade of the classical RAS can reprogram inappropriate
activation of the RAS and reverse the adverse programmed processes [121,122].

Several lines of observation show that the interplay between tryptophan metabolism and the RAS
has an impact on renal programming and hypertension. First, several tryptophan-containing peptides
have abilities to inhibit ACE activity and may serve as a potential anti-hypertensive therapy [123].
Second, activation of the kynurenine pathway is connected in parallel with the RAS in a renovascular
hypertension model [45]. Third, there are studies showing that tryptophan-derived uremic toxin IS
upregulate Ang II signaling and downregulate Mas, contributing to CVD and CKD [124,125]. Last,
the preceding sections show that the maternal melatonin therapy which protects offspring against
hypertension is, at least in part, attributed to the RAS in a maternal constant light exposure model [68],
a maternal caloric restriction model [73], a maternal L-NAME exposure model [74], and a maternal
high-fructose diet model [75].

In a maternal CKD model, adult male offspring-developed hypertension is related to decreased
renal mRNA expression of ACE2, MAS, and AT2R, which belong to the non-classical RAS pathway [69].
Nevertheless, maternal tryptophan treatment prevented the elevation of BP but had neglectable
effects on the RAS. Detailed mechanisms that underlie the interactions between tryptophan metabolic
pathways and the RAS and their impact on the programming process toward hypertension, however,
remain to be clarified.

5.4. Immunity and Inflammation

Pregnancy is characterized as a physiologic systemic inflammatory response; compromised
pregnancies and related complications are associated with inflammation [126]. The interrelationship
between inflammation and tryptophan metabolism has been reported in pigs, mice, and humans
[127,128]. Hypertension and kidney disease are associated with the accumulation of T cells,
monocyte/macrophages, and T cell–derived cytokines in the kidney [129]. An imbalance of T regulatory
cells (Treg) and T helper 17 (TH17) cells has been associated with hypertension [130], which can be
protected by restoration the balance of Treg/TH17 by postbiotic therapy [131]. In CKD, the interplay
between Treg/TH17 balance and inflammation has also been associated with hypertension and the
progression of CKD [132].
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Given that both Treg and TH17 cells are regulated by AhR [133], and that several microbial
tryptophan catabolites are AhR ligands, AhR can serve as a mediator in inflammation and CVD
in patients with CKD [132]. AhR signaling can trigger inflammation via several mechanisms,
including participating in T cell differentiation, increasing monocyte adhesion, up-regulating
pro-inflammatory gene expression, inducing the expression of endothelial adhesion molecules,
reducing NO bioavailability, and increasing endothelial cyclooxygenase-2 expression [23]. In a
maternal CKD-induced hypertension model, the BP-lowering effect of tryptophan therapy is associated
with mediation of the AhR signaling pathway [69]. Additionally, AhR antagonist resveratrol has
been reported to protect offspring against hypertension in several developmental hypertension
models [59,60,80,81]. However, more research is needed to gain comprehensive insight into the role of
immunity and inflammation in the modulation of hypertension and kidney disease of developmental
origin. Specifically, future studies should focus on an investigation of reprogramming intervention
targeting of the mechanism of inflammation.

5.5. Others

There are other potential mechanisms which link tryptophan metabolism to the development
programming of hypertension and kidney disease. First, epigenetic regulation such as DNA methylation,
histone modification, and miRNAs altering the expression of genes has been considered as an important
mechanism underlying renal programming [71]. Tryptophan metabolism has been identified as a
significantly regulated Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway in two-week-old
(right after the completion of nephrogenesis) offspring kidneys in models of maternal caloric restriction
and diabetes [134]. Thus, the genes involved in tryptophan metabolism are likely epigenetically
regulated by early-life insults leading to programmed hypertension and kidney disease. Next,
nutrient-sensing signals also play a role in renal programming [94]. NAD+ is a tryptophan metabolite
generated from the kynurenine pathway. Increased NAD+/NADH ratio can activate silent information
regulator transcript (SIRT) and cyclic adenosine monophosphate (AMP)-activated protein kinase
(AMPK), consequently affecting PPARγ coactivator-1α (PGC-1α) activity to promote mitochondria
biogenesis [135,136]. Since maternal resveratrol therapy protects hypertension programmed by
maternal L-NAME plus postnatal high-fat exposure attributed to activation of the AMPK/PGC-1α
pathway [82], whether tryptophan supplementation can increase NAD+ synthesis and activate
nutrient-sensing signals deserves further evaluation.

6. Conclusions

Although substantial progress has been made in understanding the role of tryptophan metabolism
in pregnancy and offspring outcomes, there is always more to learn. Given tryptophan produces
a plethora of biologically active metabolites, deciphering the complexity of different tryptophan
metabolic pathways will aid in developing ideal reprogramming strategies targeting different
tryptophan-related elements to open therapeutic opportunities for clinical translation. This review has
provided an overview on reprogramming strategies against hypertension and kidney disease excepting
tryptophan, which are related to the tryptophan metabolism, including melatonin and the AhR
antagonist. Further research is needed to gain a clear understanding of the type of tryptophan-related
molecules, the therapeutic dose and duration in pregnancy, and the microbial groups to metabolize
tryptophan before the mother and child can benefit from reprogramming strategies targeting the
tryptophan metabolism.
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Abbreviations

AANAT Arylalkylamine N-acetyltransferase
ACE Angiotensin converting enzyme
AhR Aryl hydrocarbon receptor
AMPK Adenosine monophosphate activated protein kinase
ArAT Acromatic amino acid aminotransferase
ASMT N-acetylserotonin O-methyltransferase
AT1R Angiotensin type 1 receptor
AT2R Angiotensin type 2 receptor
CKD Chronic kidney disease
CVD Cardiovascular disease
NAD+ Nicotinamide adenine dinucleotide
DOHaD Developmental origins of health and disease
GC Glucocorticoid
IAA Indoleacetic acid
IAM Indole-3-acetamide
IAlD Indole-3-aldehyde
IDG Indoxyl-β-D glucuronide
IDO Indoleamine 2,3-dioxygenase
ILA Indolelactic acid
IPA Indole-3-propionic acid
KAT Kynurenine aminotransferase
KMO Kynurenine-3-monooxygenase
KYNU Kynureninase
L-NAME NG-nitro-l-arginine-methyester
MAO monoamine oxidase
Mas Angiotensin-(1-7) receptor
NO Nitric oxide
PGC-1α PPARγ coactivator-1α
RAS Renin-angiotensin system
ROS Reactive oxygen species
SHR Spontaneously hypertensive rat
SIRT Silent information regulator transcript
SSRI Selective serotonin reuptake inhibitor
TCDD 2,3,7,8-Tetrachlorodibenzo-p-dioxin
TDO Tryptophan 2,3-dioxygenase
TPH Tryptophan hydroxylase
3-HK 3-hydroxykynurenine
5-HIAA 5-hydroxyindoleacetic acid
5-HTP 5-hydroxytryptophan
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Abstract: Tryptophan metabolites: kynurenine (KYN), kynurenic acid (KYNA) and 6-formylindolo
[3,2-b]carbazole (FICZ) are considered aryl hydrocarbon receptor (AhR) ligands. AhR is mainly
expressed in barrier tissues, including skin, and is involved in various physiological and pathological
processes in skin. We studied the effect of KYN, KYNA and FICZ on melanocyte and melanoma A375
and RPMI7951 cell toxicity, proliferation and cell death. KYN and FICZ inhibited DNA synthesis
in both melanoma cell lines, but RPMI7951 cells were more resistant to pharmacological treatment.
Tested compounds were toxic to melanoma cells but not to normal human adult melanocytes.
Changes in the protein level of cyclin D1, CDK4 and retinoblastoma tumor suppressor protein (Rb)
phosphorylation revealed different mechanisms of action of individual AhR ligands. Importantly,
all tryptophan metabolites induced necrosis, but only KYNA and FICZ promoted apoptosis in
melanoma A375 cells. This effect was not observed in RPMI7951 cells. KYN, KYNA and FICZ
in higher concentrations inhibited the protein level of AhR but did not affect the gene expression.
To conclude, despite belonging to the group of AhR ligands, KYN, KYNA and FICZ exerted different
effects on proliferation, toxicity and induction of cell death in melanoma cells in vitro.

Keywords: tryptophan; kynurenine; kynurenic acid; FICZ; AhR; melanoma; proliferation; cell death

1. Introduction

The skin is constantly exposed to various substances with pro- and anti-carcinogenic potential.
Environmental pollution, skin care products and UV radiation can affect various processes in the
skin. Environmental UV exposure, fair color of skin and hair, family history of melanoma and a
high number of melanocytic nevi are well-characterized risk factors for developing melanoma [1].
Melanoma is rare among all types of skin cancers (less than 5%) but the most aggressive [2,3]. A median
survival rate of patients with metastatic melanoma is approximately 6 months [2]. A poor prognosis
for patients with advanced melanoma results from rapid metastasis, resistance to anti-cancer therapies
and immunosuppressive abilities. Thus, there are two main strategies in melanoma prevention and
treatment: inhibition of melanocyte-to-melanoma transition and inhibition of melanoma metastasis.

The aryl hydrocarbon receptor (AhR) is a major sensor of chemical signals and is mainly expressed
in barrier tissues (including skin, liver, lungs and the gastrointestinal tract) which may be exposed to
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environmental factors [4]. AhR, a ligand-activated transcription factor, is a member of the evolutionarily
conserved family of per-arnt-sim basic helix-loop-helix transcription factors (PAS-bHLH). AhR has
been mainly associated with dioxin toxicity and detoxification of xenobiotic compounds, but it
also plays a role in several physiological and pathological processes in skin such as detoxification,
cellular homeostasis, skin pigmentation, skin immunity and carcinogenesis [5,6]. The role of AhR
in melanomagenesis is not clear, however, previous studies revealed involvement of this receptor in
melanoma cell dedifferentiation and metastases in response to inflammation [7].

Some tryptophan-derived metabolites including kynurenine (KYN), kynurenic acid (KYNA) and
6-formylindolo[3,2-b]carbazole (FICZ) are considered as AhR ligands [8,9]. Tryptophan, an essential
amino acid, is well-known to be the most potent near-UV absorbing chromophore. Several tryptophan
metabolites have various biological activities and may potentially affect processes in skin. However,
the effect of KYN, KYNA and FICZ on melanomagenesis and melanoma progression has not been
fully investigated.

KYN, an endogenous agonist of AhR, is produced enzymatically from tryptophan by indoleamine
2,3-dioxygenase (IDO) and tryptophan 2,3-dioxygenase (TDO) [10]. Previous studies revealed that
both enzymes are expressed and upregulated in various cancer types, including melanoma [11,12].
The direct activity of KYN on cancer cell proliferation has not been fully studied, but it is supposed that
this tryptophan metabolite plays a crucial role in the antitumor immune response. Opitz et al. revealed
that KYN is produced during brain cancer progression and inflammation in the local microenvironment
in amounts sufficient to activate the human AhR, suppressing antitumor immune responses and
promoting cancer cell survival and motility [13]. Similarly, KYN induced an antiapoptotic response in
breast cancer cells [14].

On the other hand, previous studies revealed antiproliferative and antimigratory properties of
KYNA against various types of cancer cells [15]. However, its role in cellular processes in melanoma
has not been revealed. KYNA, a natural ligand for AhR, is enzymatically formed from KYN and
is present in almost all human body fluids and tissues [15]. Additionally, KYNA may be absorbed
from the gastrointestinal tract due to its presence in many food products [16–18]. The role of KYNA
in skin physiology and pathology has not been fully studied; however, phototoxic effects of KYNA
on erythrocytes and glia cells have been reported [19,20]. Importantly, KYN and KYNA may be
enzymatically synthesized by skin cells [21].

FICZ is a tryptophan photometabolite formed by exposure to UV or visible irradiation [22].
It plays a crucial role in several physiological processes including skin homeostasis, regulation of skin
immunity and circadian rhythm, genomic stability and response to UV exposure [23]. FICZ is also
considered to be the most potent UVA photosensitizer, leading to induction of oxidative stress and
oxidative DNA lesions, which consequently leads to cell death of keratinocytes [23]. Some previous
studies confirmed the potential role of FICZ in the differentiation-induction therapy of leukaemia [24];
however, its contribution to melanomagenesis has not been fully revealed. Mengoni et al., in in vitro
studies, reported that FICZ is involved in inflammation-induced dedifferentiation [7]. On the other
hand, FICZ is also considered as a sensitizer of photooxidative stress, leading to photodynamic
elimination of skin cancer cells in vitro and in vivo [25].

There are three potential interactions between tryptophan-derived AhR ligands and skin
cells: (1) direct contact or topical application on the skin surface, as they are present in several
herbs, honey-bee products used in beauty and body treatments, and body care products [16,18,26],
(2) endogenous production in skin cells, and (3) via the food chain (as KYNA is present in some food
products [16,18]). Taking into consideration the continuous external and internal exposure of skin
cells to the tryptophan-derived AhR ligands and the ambiguous role of AhR in melanomagenesis and
melanoma progression, determining the negative or positive role of tested substances in carcinogenesis
seems to be a priority. The aim of the study was to determine the biological activity of the selected
tryptophan-derived AhR ligands on melanomagenesis by investigating the effect of KYN, KYNA and
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FICZ on the proliferation, cytotoxicity and cell death of normal human melanocytes and melanoma
cells in vitro.

2. Results

To determine the effect of L-KYN, KYNA and FICZ on proliferation of human melanocytes
and melanoma cells, HEMa, A375 and RPMI7951 cells were exposed to serial dilutions of
tested tryptophan-derived AhR ligands. Interestingly, L-KYN and FICZ, but not KYNA exerted
antiproliferative activity towards human melanoma A375 and RPMI7951 cells, measured by means
of BrdU Assay indicating the level of DNA synthesis (Figure 1). Importantly, the antiproliferative
effect was enhanced in A375 cells in comparison to RPMI7951 cells representing metastatic melanoma.
L-KYN at a concentration of only 1 pM statistically significantly inhibited cell proliferation of A375 cells,
whereas only millimolar concentrations of L-KYN affected proliferation of RPMI7951 cells (Figure 1a).
Similarly, A375 cells were more sensitive to the antiproliferative activity of FICZ in comparison to
RPMI7951 cells (Figure 1c). However, this compound only moderately inhibited proliferation of
melanoma cells by less than 20%. On the other hand, only L-KYN at the highest concentration
(5 mM) among selected tryptophan-derived AhR ligands inhibited DNA synthesis in normal human
melanocytes HEMa (Figure 1a).

Moreover, we tested the toxicity of L-KYN, KYNA and FICZ on human melanocytes and melanoma
cells by means of LDH Assay (Figure 2). All tested tryptophan–derived AhR ligands did not induce
LDH release and were not toxic to normal melanocytes HEMa. L-KYN and 5 mM KYNA increased
LDH release in A375 cells (Figure 2a,b), whereas a toxic effect of FICZ was observed in RPMI7951 cells
(Figure 2c).

To reveal the potential molecular mechanism of biological activity of selected tryptophan-derived
AhR ligands in melanoma cells, the effect of L-KYN, KYNA and FICZ on activation and protein level of
selected cell cycle regulators was determined by means of western blot (Figure 3). Similarly to results
obtained from BrdU and LDH Assays, we reported the differences in the activation and level of selected
proteins in melanoma A375 and RPMI7951 cells, representing successive stages of carcinogenesis.

L-KYN inhibited the protein level of cyclin D1 and cyclin-dependent kinase 4 (CDK4) in A375 cells,
however, this effect was not observed in RPMI7951 cells (Figure 3a). Immunofluorescence staining
confirmed inhibition of cyclin D1 and CDK4 in melanoma A375 cells exposed to L-KYN (Figure 4).
No significant cellular relocalisation of cyclin D1 and CDK4 was observed (Figure 4). Moreover,
L-KYN decreased phosphorylation of Rb in both A375 and RPMI7951 cells (Figure 3a). KYNA at a
concentration of 5 mM significantly decreased the protein level of CDK4 in A375 cells, whereas it
increased the protein level of this cell cycle regulator in RPMI7951 cells (Figure 3b). A similar effect
was observed in Rb phosphorylation and the protein level of cyclin D1, but these moderate changes in
cyclin D1 level were not significant (Figure 3b). Interestingly, we did not observe significant changes
in the protein level of cyclin D1 and CDK4 in melanoma A375 and RPMI7951 cells exposed to FICZ
(Figure 3c). However, this tryptophan-derived AhR ligand enhanced phosphorylation of Rb (Figure 3c).

To investigate the effect of selected tryptophan-derived AhR ligands on induction of cell death
in melanoma cells, Cell Death Detection ELISA and fluorescent cell death analysis (Hoechst 33342
and propidium iodide staining) were applied. Taking into consideration the negative effect of 5 mM
L-KYN on proliferation of HEMa cells (Figure 1a), this concentration was excluded from further
analysis. KYNA 5 mM and FICZ 50 µM statistically significantly induced apoptosis, whereas all tested
compounds in higher concentrations (L-KYN 1 mM, KYNA 5 mM, FICZ 50 µM) increased necrosis
in melanoma A375 cells (Figure 5a,b). The effect was visualized by Hoechst 33342 and propidium
iodide staining (Figure 6). On the other hand, we did not observed statistically significant changes in
apoptosis and necrosis induction by selected tryptophan-derived AhR-ligands in melanoma RPMI7951
cells (Figure 5c,d; Figure 6).
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Figure 1. The effect of L-KYN (a), KYNA (b) and FICZ (c) on proliferation (DNA synthesis) of 
melanocytes and melanoma A375 and RPMI7951 cells. Normal human adult primary epidermal 
melanocytes (HEMa) and human melanoma A375 and RPMI7951 cells were exposed to fresh medium 
(control, C) or serial dilutions of L-KYN, KYNA and FICZ for 24 h. The effect of tested compounds on 
proliferation (DNA synthesis) was determined by means of BrdU Assay. Data represent a mean value 
(% of control; C = 100%) ± SEM of eight independent experiments. Values significant (*) in comparison 
to control (100%) with p < 0.05 (one-way ANOVA with Tukey post hoc test). 

Figure 1. The effect of L-KYN (a), KYNA (b) and FICZ (c) on proliferation (DNA synthesis) of
melanocytes and melanoma A375 and RPMI7951 cells. Normal human adult primary epidermal
melanocytes (HEMa) and human melanoma A375 and RPMI7951 cells were exposed to fresh medium
(control, C) or serial dilutions of L-KYN, KYNA and FICZ for 24 h. The effect of tested compounds on
proliferation (DNA synthesis) was determined by means of BrdU Assay. Data represent a mean value
(% of control; C = 100%) ± SEM of eight independent experiments. Values significant (*) in comparison
to control (100%) with p < 0.05 (one-way ANOVA with Tukey post hoc test).
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Figure 2. The toxicity of L-KYN (a), KYNA (b) and FICZ (c) towards melanocytes and melanoma A375 
and RPMI7951 cells. Normal human adult primary epidermal melanocytes (HEMa) and human 
melanoma A375 and RPMI7951 cells were exposed to fresh medium (control, C) or serial dilutions of 
L-KYN, KYNA and FICZ for 24 h. The toxicity of tested compounds was assessed by means of LDH 
Assay measuring LDH release. Data represent a mean value (% of control) ± SEM of eight independent 
experiments. Values significant (*) in comparison to control (100%) with p < 0.05 (one-way ANOVA 
with Tukey post hoc test). Positive control for melanoma A375 cells (Total LDH) = 1720%. 

Figure 2. The toxicity of L-KYN (a), KYNA (b) and FICZ (c) towards melanocytes and melanoma
A375 and RPMI7951 cells. Normal human adult primary epidermal melanocytes (HEMa) and human
melanoma A375 and RPMI7951 cells were exposed to fresh medium (control, C) or serial dilutions of
L-KYN, KYNA and FICZ for 24 h. The toxicity of tested compounds was assessed by means of LDH
Assay measuring LDH release. Data represent a mean value (% of control) ± SEM of eight independent
experiments. Values significant (*) in comparison to control (100%) with p < 0.05 (one-way ANOVA
with Tukey post hoc test). Positive control for melanoma A375 cells (Total LDH) = 1720%.
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Figure 3. The effect of L-KYN (a), KYNA (b) and FICZ (c) on the protein level of selected cell cycle 
regulators in melanoma A375 and RPMI7951 cells. Western blot analysis of the protein level of cyclin 
D1, CDK4 and phosphorylation of Rb in A375 and RPMI7951 cells after treatment with L-KYN (a) 
and KYNA (b) in the range of concentrations 10−9–5 mM and FICZ (c) in the range of concentrations 
10−6–50 µM for 24 h (C control; not treated). Western blots shown in the figure were selected as the 
most representative of the series of repetitions. The data were normalized relative to β-actin. The 
results of densitometric analysis are shown as % of control (the changes ≥30% were considered as 
significant (*)). 

Figure 3. The effect of L-KYN (a), KYNA (b) and FICZ (c) on the protein level of selected cell cycle
regulators in melanoma A375 and RPMI7951 cells. Western blot analysis of the protein level of cyclin
D1, CDK4 and phosphorylation of Rb in A375 and RPMI7951 cells after treatment with L-KYN (a) and
KYNA (b) in the range of concentrations 10−9–5 mM and FICZ (c) in the range of concentrations
10−6–50 µM for 24 h (C control; not treated). Western blots shown in the figure were selected as the most
representative of the series of repetitions. The data were normalized relative to β-actin. The results of
densitometric analysis are shown as % of control (the changes ≥30% were considered as significant (*)).
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Figure 4. The effect of L-KYN on the protein level and cellular localization of cyclin D1 (a) and CDK4 
(b) in melanoma A375 cells. Immunofluorescent staining of cyclin D1 (a) and CDK4 (b) in A375 cells 
treated with L-KYN 5 mM for 24 h (control; not treated). Cell nuclei were labeled with cell permeable 
fluorescent DNA dye DraQ5. Magnification 40×. 
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However, L-KYN 1 mM, KYNA 5 mM and FICZ 50 µM did not affect the gene expression of AHR 
(Figure 8) in melanoma A375 and RPMI7951 cells. 

Figure 4. The effect of L-KYN on the protein level and cellular localization of cyclin D1 (a) and CDK4
(b) in melanoma A375 cells. Immunofluorescent staining of cyclin D1 (a) and CDK4 (b) in A375 cells
treated with L-KYN 5 mM for 24 h (control; not treated). Cell nuclei were labeled with cell permeable
fluorescent DNA dye DraQ5. Magnification 40×.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 20 

 

 
Figure 5. The effect of L-KYN, KYNA and FICZ on induction of apoptosis and necrosis in melanoma 
A375 (a,b) and RPMI7951 (c,d) cells. Human melanoma A375 and RPMI7951 cells were exposed to 
fresh medium (control, C) or selected tryptophan-derived AhR ligands: L-KYN (1 mM), KYNA (5 
mM) and FICZ (50 µM) for 24 h. The effect of tested compounds on induction of apoptosis (a,c) and 
necrotic cell death (b,d) was determined by means of Cell Death Detection ELISA. Data represent a 
mean value ± SEM of three independent experiments. Values significant (*) in comparison to control 
with p < 0.05 (one-way ANOVA with Tukey post hoc test). 

Figure 5. The effect of L-KYN, KYNA and FICZ on induction of apoptosis and necrosis in melanoma
A375 (a,b) and RPMI7951 (c,d) cells. Human melanoma A375 and RPMI7951 cells were exposed to
fresh medium (control, C) or selected tryptophan-derived AhR ligands: L-KYN (1 mM), KYNA (5 mM)
and FICZ (50 µM) for 24 h. The effect of tested compounds on induction of apoptosis (a,c) and necrotic
cell death (b,d) was determined by means of Cell Death Detection ELISA. Data represent a mean value
± SEM of three independent experiments. Values significant (*) in comparison to control with p < 0.05
(one-way ANOVA with Tukey post hoc test).
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Figure 6. The effect of L-KYN, KYNA and FICZ on induction of cell death in melanoma A375 and 
RPMI7951 cells. Human melanoma A375 and RPMI7951 cells were exposed to fresh medium (control, 
C) or selected tryptophan-derived AhR ligands: L-KYN (1 mM) (a), KYNA (5 mM) (b) and FICZ (50 
µM) (c) for 24 h. The effect of tested compounds on induction of apoptosis and necrotic cell death was 
determined by means of staining with Hoechst 33342 and propidium iodide. Cells with fragmented 
nuclei stained in an intense blue color were considered apoptotic cells while the pink staining of the 
nuclei was necrotic cells. Magnification 10×. 

Figure 6. The effect of L-KYN, KYNA and FICZ on induction of cell death in melanoma A375 and
RPMI7951 cells. Human melanoma A375 and RPMI7951 cells were exposed to fresh medium (control,
C) or selected tryptophan-derived AhR ligands: L-KYN (1 mM) (a), KYNA (5 mM) (b) and FICZ (50 µM)
(c) for 24 h. The effect of tested compounds on induction of apoptosis and necrotic cell death was
determined by means of staining with Hoechst 33342 and propidium iodide. Cells with fragmented
nuclei stained in an intense blue color were considered apoptotic cells while the pink staining of the
nuclei was necrotic cells. Magnification 10×.

Because all tested compounds are tryptophan-derived AhR ligands, we decided to study the effect
of L-KYN, KYNA and FICZ on the expression of AhR. Interestingly, all tested compounds in higher
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concentrations decreased the protein level of AhR in both melanoma cell lines (Figure 7). However,
L-KYN 1 mM, KYNA 5 mM and FICZ 50 µM did not affect the gene expression of AHR (Figure 8) in
melanoma A375 and RPMI7951 cells.
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Figure 7. The effect of L-KYN, KYN A and FICZ on AhR protein level in melanoma A375 and 
RPMI7951 cells. Western blot analysis of protein level of AhR in A375 and RPMI7951 cells after 
treatment with L-KYN (a) and KYNA (b) in the range of concentrations 10−9–5 mM and FICZ (c) in 
the range of concentrations 10−6–50 µM for 24 h (C control; not treated). Western blots shown in the 
figure were selected as the most representative of the series of repetitions. The data were normalized 
relative to β-actin. The results of densitometric analysis are shown as % of control (changes ≥30% were 
considered as significant (*)).

Figure 7. The effect of L-KYN, KYN A and FICZ on AhR protein level in melanoma A375 and RPMI7951
cells. Western blot analysis of protein level of AhR in A375 and RPMI7951 cells after treatment with
L-KYN (a) and KYNA (b) in the range of concentrations 10−9–5 mM and FICZ (c) in the range of
concentrations 10−6–50 µM for 24 h (C control; not treated). Western blots shown in the figure were
selected as the most representative of the series of repetitions. The data were normalized relative to
β-actin. The results of densitometric analysis are shown as % of control (changes ≥30% were considered
as significant (*)).
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3. Discussion

In this study, we showed that tryptophan-derived AhR ligands, including KYN, KYNA and FICZ,
do not stimulate promotion and progression of melanoma in vitro, but simultaneously the tested
compounds in higher concentrations inhibited proliferation and stimulated cell death of melanoma cells.
This appears to be a priority as the skin is constantly exposed to KYN, KYNA and FICZ belonging to
AhR ligands, and the activation of this receptor may be involved in several cellular processes including
proliferation, migration or cell death [5,6]. KYN and KYNA are endogenously produced tryptophan
metabolites present in various tissues and physiological fluids (reviewed in [15,27,28]). Additionally,
previous studies revealed that several food products, herbs and beverages contain KYN [29–32] and
KYNA [16–18,33,34], which may be considered as exogenous sources of these tryptophan metabolites.
Taking into consideration the increasing use of plant extracts and herbs in cosmetics and skin care
products, it can be assumed that the skin is also exposed frequently to certain amounts of KYN and
KYNA. On the other hand, FICZ is considered as a photometabolite of tryptophan synthetized in skin
after exposure to UV or visible irradiation [22], thus skin is constantly exposed to this compound.

The study was conducted on normal human adult melanocytes and two melanoma cell lines
A375 and RPMI7951 differing from each other not only in origin but also in mutated genes. The A375
cell line represents primary malignant melanoma, whereas the RPMI7951 cell line was derived from
lymph node metastasis and was reported as a strongly invasive melanoma. Both A375 and RPMI7951
melanoma cells bear the BRAF mutation (p.V600E) and CDKN2A mutation, however, only A375 cells
harbor a homozygous mutation in the BRAF gene. Additionally, a mutant TP53 and PTEN were
identified only in RPMI7951 cells ([35]; product information ATCC). Thus, the obtained results make
it possible to analyze the biological effect of KYN, KYNA and FICZ on melanoma cells representing
the subsequent stages of the disease. However, at this stage of research, we are not able to clearly
determine whether the differences in the effects of substances result from the stage of the disease or a
specific gene mutation.

All selected tryptophan-derived compounds are considered as AhR ligands. AhR plays a role in
various physiological and pathological processes in skin, including carcinogenesis [5,6]. Importantly,
in the study we confirmed that exposure to KYN, KYNA and FICZ did not stimulate proliferation
of melanoma A375 and RPMI7951 cells. On the contrary, KYN and FICZ inhibited DNA synthesis
of melanoma cells (Figure 1a,c). Interestingly, more potent inhibitory activity was observed towards
melanoma A375 cells (Figure 1). Antiproliferative activity of KYN towards A375 cells was already
reported at a concentration of 10−9 mM, whereas KYN inhibited proliferation of RPMI7951 cells at a
concentration of 5 mM (Figure 1a). Similarly, FICZ statistically significantly inhibited DNA synthesis
in A375 cells at a concentration range of 10−6–50 µM, but the inhibitory effect towards RPMI7951
cells was observed only in the highest tested micromolar concentrations. These results confirm that
RPMI7951 cells, derived from melanoma node metastasis, are strongly invasive and more resistant to
pharmacological treatment [36]. Importantly, KYN, KYNA and FICZ did not affect proliferation of
normal human melanocytes (HEMa) (Figure 1). Only L-KYN in the highest concentration of 5 mM
caused a significant inhibition of DNA synthesis in HEMa cells, therefore this dose was excluded from
further studies. Surprisingly, KYNA with evidenced antiproliferative activity towards several cancer
cell lines [37–41] did not affect DNA synthesis in melanoma A375 and RPMI7951 cells (Figure 1b).
On the other hand, previous studies reported a more potent antiproliferative effect measured by means
of MTT Assay, rather than BrdU Assay [38,40,41]. The difference may result from the mechanism of
biological activity of KYNA, as the MTT Assay determines metabolic activity of cells, whereas BrdU
Assay determines DNA synthesis. Similarly, despite no changes in DNA synthesis in KYNA-treated
A375 cells (Figure 1b), the cytotoxicity assay confirmed statistically significant increase in LDH release
in these cells (Figure 2b), which may suggest a different mechanism of KYNA biological activity towards
melanoma cells. A reduction of LDH release in melanocytes exposed to KYN 5 mM probably results
from the strong antiproliferative effect of the compound confirmed in the BrdU Assay (Figure 2b).
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In conclusion, the presented results showed that KYNA, KYNA and FICZ, despite belonging to the
same group of tryptophan-derived AhR ligands, showed different mechanisms of action.

This hypothesis was also confirmed in the molecular studies. The dysregulation of the
p16-cyclinD-CDK4/6-Rb pathway is common in melanomas and occurs in 22–78% of cases [42].
Thus, we studied the effect of KYN, KYNA and FICZ on the protein level of cyclin D1, CDK4 and
Rb phosphorylation in melanoma A375 and RPMI7951 cells (Figure 3). Cyclin D1, CDK4 and Rb
control the G1/S transmission. Previous studies revealed the positive correlation between elevated
CDK4 expression and increased therapeutic activity of CDK4/6 inhibitors undergoing clinical trials or
currently used in anti-cancer therapy [42–45]. Our studies revealed that KYN inhibited the protein level
of cyclin D1 and CDK4 in melanoma A375 cells, but not in more resistant RPMI7951 cells (Figure 3a).
However, KYN affected the activation of Rb, one of the key regulators of cell cycle in both melanoma
cell lines (Figure 3a). Interestingly, KYNA in the highest tested concentration (5 mM) decreased CDK4
protein level and phosphorylation of Rb in A375 cells (Figure 3b), despite no significant changes in
proliferation (DNA synthesis) of KYNA-treated A375 melanoma cells. However, it cannot be excluded
that the biological effect of the observed molecular changes in cell cycle regulators would be seen after
a longer incubation time. The opposite effect of KYNA on the protein level and activation of cell cycle
regulators was observed in RPMI7951 cells. Surprisingly, despite the increased phosphorylation of Rb
in RPMI7951 cells exposed to KYNA (Figure 3b), no significant changes in proliferation was observed
(Figure 1b). Similarly, enhanced phosphorylation of Rb was determined in A375 and RPMI7951 cells
exposed to FICZ (Figure 3c). Although the exact biological effect of the Rb activity in melanoma A375
and RPMI7951 cells exposed to FICZ and RPMI8951 cells exposed to KYNA is unknown, it should be
noted that Rb interacts not only with cyclins, CDKs, phosphatases and chromatin-associated proteins
but is also involved in regulation of metabolic pathways [46–48]. Previous studies revealed that RB1
mutant cells are characterized by reduced mitochondrial respiration, polarity and alternation with
metabolic flux (reviewed in [46,48]). Bearing in mind the origin of these AhR ligands as tryptophan
metabolites, it cannot be excluded that phosphorylation of Rb may be associated with metabolic
changes in A375 and RPMI7951 cells exposed to KYNA and FICZ. Importantly, previous studies
suggested a relationship between cellular metabolism and the anti-tumor activity of KYNA [15].

Additionally, we also revealed that tryptophan-derived AhR ligands affect not only proliferation
of melanoma cells in vitro, but may also induce cell death in melanoma A375 cells (Figures 5 and 6).
KYN, KYNA and FICZ increased necrosis in A375 cells, but a significant increase in apoptotic cells was
determined only in A375 cells exposed to KYNA and FICZ. Interestingly, no positive or negative effect
on cell death was observed in RPMI7951, representing a more resistant melanoma cell line (Figure 3).
However, it cannot be excluded that the differences in the effects of selected tryptophan metabolites in
A375 and RPMI7951 cells result from a specific gene mutation in tested cell lines. It should be noted
that RPMI7951 cells harbor a TP53 mutation, thus the crucial role of p53 in the induction of apoptosis
in A375 cells may be suggested and needs further investigation.

KYN, KYNA and FICZ represent tryptophan-derived AhR ligands, so we decided to investigate
their effect on the protein and gene expression of AhR. Surprisingly, although all tested compounds
decreased the protein level of AhR in a dose-dependent manner, none of the tryptophan-derived
AhR ligands affected gene expression of AHR (Figures 7 and 8). These results suggest that KYN,
KYNA and FICZ may increase the proteolytic degradation of AhR but not interfere at the genome
level. Similar results were reported previously by Mengoni et al. [7] in a panel of melanocytic and
dedifferentiated human melanoma cell lines treated with FICZ. This mechanism may be a form
of a negative regulation of AhR activity in melanoma cells protecting against excessive activity of
AhR-dependent pathways. On the other hand, it cannot be excluded that it is one of the mechanisms of
biological activity of tested tryptophan-derived AhR ligands leading to the inhibition of proliferation,
increased toxicity and increased death of cancer cells.

Despite the common origin of KYN, KYNA and FICZ as tryptophan metabolites, the activity of
these substances on melanoma cells and their molecular mechanism of biological activity are different.
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Moreover, due to similarity of the activity of all tested tryptophan metabolites towards AhR, and the
differences in the biological effects of their activity on proliferation, cell cycle regulation and cell
death, it may be suggested that the molecular mechanism of KYN, KYNA and FICZ is not only
dependent on AhR. Although further studies should be conducted to reveal the specific mechanism
of activity of tested tryptophan metabolites towards melanoma cells, taking into consideration the
obtained results, we may conclude that KYN, KYNA and FICZ do not promote melanoma A375 and
RPMI7951 cell proliferation and growth in vitro. However, to exclude the pro-carcinogenic potential
of tryptophan-derived AhR ligands, further in vivo and clinical trials are necessary. Despite the
undisputed value of the results showing the biological activity of KYN, KYNA and FICZ towards
melanoma cells, in vitro studies do not take into account the influence of the tested substances on the
immune system and the additional influence of KYN and KYNA from food products. It should be
noted that KYN is strongly associated with immunosuppression and cancer escape from immune
surveillance [28]. Moreover, in order to exclude possible negative effects of frequent exposure to
tryptophan-derived AhR ligands on the skin, further research into effects on other skin cells should
also be performed.

In conclusion, the selected tryptophan-derived AhR ligands, KYN, KYNA and FICZ, produced
endogenously in the skin and present in herbs and plant extracts used in skin care treatments,
did not promote melanoma cell growth in vitro, and even in higher concentrations they may exhibit
antiproliferative and cytotoxic activity and promote cell death in melanoma A375 and RPMI7951 cells.
However, the biological activity and molecular mechanism was different for each compound and not
strictly dependent on AhR.

4. Materials and Methods

4.1. Drugs

L-KYN and KYNA were obtained from Sigma Aldrich (St. Louis, MO, USA). L-KYN was dissolved
in cell culture medium, whereas KYNA was dissolved in 1 N NaOH, and then phosphate buffered saline
(PBS). FICZ, obtained from Tocris Bioscience (Bristol, UK), was dissolved in dimethyl sulfoxide (DMSO).
The final concentration of DMSO in cell culture medium dilutions was less than 0.2%. No significant
effects of solvents on melanoma and melanocyte cell proliferation and morphology were observed.

4.2. Cell Cultures

Normal human adult primary epidermal melanocytes (HEMa) and human melanoma A375 and
RPMI7951 cells were obtained from American Type Culture Collection (ATCC; Manassas, VA, USA).
HEMa cells were cultured in Dermal Cell Basal Medium supplemented with Adult Melanocyte Growth
Kit (ATCC; Manassas, VA, USA). A375 cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% heat inactivated fetal bovine serum (FBS), penicillin (100 U/mL) and
streptomycin (100 µg/mL). RPMI7951 cells were grown in Minimum Essential Medium with Earle′s
salts supplemented with sodium pyruvate (final concentration 1 mM), 10% heat inactivated FBS,
penicillin (100 U/mL) and streptomycin (100 µg/mL). All A375 and RPMI 7951 cell culture reagents
were purchased from Sigma Aldrich (St. Louis, MO, USA). Cells were maintained in a humidified
atmosphere of 95% air and 5% CO2 at 37 ◦C.

4.3. Experiment Design

Previous studies revealed that KYN competes for a membrane transporter with tryptophan [49].
To exclude any interactions between tryptophan-derived AhR ligands and tryptophan included in the
culture medium and to provide the maximum of bioavailability of the tested compounds, melanocytes
or melanoma cells (~60–70% confluence) were treated with serial dilutions of L-KYN, KYNA and
FICZ dissolved in Hanks’ Balanced Salt solution (HBSS, Sigma Aldrich, St. Louis, MO, USA) for 1 h
in standard conditions. After incubation time, HBSS was discarded, and cells were exposed to fresh
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medium (control) or serial dilutions of L-KYN, KYNA or FICZ in a fresh medium and incubated for
23 h in standard conditions. Then further analyses were performed (LDH assay, BrdU assay, Cell Death
Detection ELISA, western blot, PI and Hoechst staining, RT-PCR).

4.4. BrdU Assay

BrdU assay, quantifying the incorporation of 5′-bromo-2′-deoxy-uridine (BrdU) into newly
synthesized DNA of actively proliferating cells, was used to determine the effect of L-KYN, KYNA and
FICZ on proliferation of melanocyte and melanoma cells according to the procedure described
previously [38]. Briefly, HEMa, A375 and RPMI7951 cells were plated in 96-well plates (NUNC,
Roskilde, Denmark) at the density of 4 × 104 cells/mL, 2 × 104 cells/mL and 4 × 104 cells/mL,
respectively. Next day, the cells were exposed to serial dilutions of the tested compound (L-KYN: 10−9,
10−6, 10−3, 1, 5 mM; KYNA: 10−9, 10−6, 10−3, 1, 5 mM, FICZ: 10−6, 10−3, 1, 25, 50 µM) or fresh cell culture
medium (control, C) according to the experiment design described in detail above. Cell proliferation
was quantified after 24 h incubation according to the manufacturer’s procedure (Cell Proliferation
ELISA BrdU, Roche Diagnostics GmbH, Penzberg, Germany).

4.5. LDH Assay

The In Vitro Toxicology Assay Kit (TOX-7) (Sigma Aldrich, St. Louis, MO, USA), based on
the reduction of NAD by lactic dehydrogenase (LDH) released from damaged cells, was applied to
determine the cytotoxicity of L-KYN, KYNA and FICZ. HEMa, A375 and RPMI7951 cells were plated
in 96-well plates (NUNC, Roskilde, Denmark) at the density of 4 × 104 cells/mL, 2 × 104 cells/mL
and 4 × 104 cells/mL, respectively. The next day, the cells were exposed to serial dilutions of tested
compound (L-KYN: 10−9, 10−6, 10−3, 1, 5 mM; KYNA: 10−9, 10−6, 10−3, 1, 5 mM, FICZ: 10−6, 10−3, 1, 25,
50 µM) or fresh cell culture medium (control, C) according to the experiment design described in detail
above. The activity of released LDH in the supernatants was measured after 24 h incubation according
to the manufacturer’s procedure and was quantified at 490 nm (Epoch microplate reader (BioTek
Instruments, Inc., Winooski, VT, USA) equipped with Gen5 software (v. 2.01, BioTek Instruments, Inc.,
Winooski, VT, USA)).

4.6. Western Blot

Melanoma A375 and RPMI7951 cells were exposed to serial dilutions of the tested compounds
(L-KYN: 10−9, 10−6, 10−3, 1, 5 mM; KYNA: 10−9, 10−6, 10−3, 1, 5 mM, FICZ: 10−6, 10−3, 1, 25, 50 µM)
or fresh cell culture medium (control, C) for 24 h according to the experiment design described in
detail above. The protein level or its activation was determined by means of western blot procedure
previously described in [50]. The following primary antibodies were used in the procedure: cyclin
D1, CDK4, phospho-Rb (Ser 807/811), AhR and β-actin antibody (1:1000; Cell Signaling Technology,
Danvers, MA, USA). In the procedure the secondary antibodies coupled to horseradish peroxidase
were used (1:2000) (Cell Signaling Technology, Danvers, MA, USA). The blots were visualized by using
enhanced chemiluminescence (Pierce Biotechnology, Waltham, MA, USA) and the Syngene G:BOX
Chemi XT4 gel documentation system (Syngene, Cambridge, UK).

4.7. Immunofluorescence Staining

A375 cells cultured on LabTek Chamber Slides (Nunc, ThermoFisher Scientific, Roskilde, Denmark)
were exposed to culture medium (control, C) or L-KYN 5 mM for 24 h in standard conditions according
to the experiment design described in detail above. Then, cells were fixed with 3.7% paraformaldehyde,
permeabilized with 0.2% Triton X-100, and treated with 5% bovine serum albumin (BSA, Sigma Aldrich,
St. Louis, MO, USA). The cells were exposed to primary antibodies against cyclin D1 and CDK4
(1:100; Cell Signaling Technology, Danvers, MA, USA) overnight at 4 ◦C and then were incubated
with secondary antibodies conjugated with fluorescein isothiocyanate (FITC) (1:100) (Sigma Aldrich,
St. Louis, MO, USA) for 2 h at room temperature. Cell nuclei were labeled with cell permeable
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fluorescent DNA dye DraQ5 (Cell Signaling Technology, Danvers, MA, USA). Cell images were
captured with fluorescence microscopy (automatic microscope Olympus IX83; Olympus Optical
Co., Ltd., Tokyo, Japan, and CellSens RT software, Olympus Optical Co., Ltd., Tokyo, Japan) at
40×magnification.

4.8. Cell Death Detection ELISA

The effect of the tryptophan-derived AhR ligands, L-KYN, KYNA and FICZ, on apoptosis and
necrosis of A375 and RPMI7951 melanoma cells was assessed by ELISA. The Cell Death Detection
ELISAPLUS photometric enzyme immunoassay was used for the quantitative in vitro determination
of cytoplasmic histone-associated DNA fragments (mono- and oligonucleosomes) after induced cell
death. A375 and RPMI7951 melanoma cells were plated in 96-well plates (NUNC, Roskilde, Denmark)
at the density of 2 × 104 cells/mL and 4 × 104 cells/mL, respectively. Next day, the cells were exposed
for 24 h to serial dilutions of tested compound (L-KYN 1 mM, KYNA 5 mM, FICZ 50 µM) or fresh cell
culture medium (control, C) according to the experiment design described in detail above. ELISA test
was performed according to the manufacturer’s procedure. The colorful product was quantified
spectrophotometrically at 405 nm using a microplate reader (Epoch, BioTek Instruments, Inc., Winooski,
VT, USA) equipped with Gen5 software (v. 2.01, BioTek Instruments, Inc., Winooski, VT, USA).

4.9. Fluorescent Cell Death Analysis—Hoechst 33342 and Propidium Iodide Staining

Melanoma A375 and RPMI7951 cells were plated on Lab-Tek Chamber Slides (NUNC, Roskilde,
Denmark) at the density of 4 × 104 cells/mL and 8 × 104 cells/mL, respectively. The next day, cells were
exposed to serial dilutions of tested compound (L-KYN: 10−6, 10−3, 1 mM; KYNA: 10−6, 10−3, 5 mM,
FICZ: 10−3, 1, 50 µM) or fresh cell culture medium (control, C) according to the experiment design
described in detail above. After 24 h treatment, the effect of L-KYN, KYNA and FICZ on induction of
cell death was analyzed after fluorescence staining with Hoechst 33342 and propidium iodide at a
concentration of 0.2 µg/mL and 0.4 µg/mL, respectively (5 min at 37 ◦C). Cell images were captured
with fluorescence microscopy (Olympus IX83 System Microscope; Olympus Optical Co., Ltd. and
CellSens RT software, Olympus Optical Co., Ltd., Tokyo, Japan) at 10×magnification.

4.10. Real-Time PCR

Melanoma A375 and RPMI7951 cells were exposed to the tested compounds (L-KYN 1 mM,
KYNA 5 mM, FICZ 50 µM) or fresh cell culture medium (control, C) for 24 h according to the
experiment design described in detail above. Extracted total RNA (High Pure RNA Isolation Kit
(Roche Diagnostics GmbH, Penzberg, Germany)) was reverse-transcribed using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) according to the manufacturer’s
procedure. Real-time PCR analyses were performed using TaqMan Gene Expression Assays (IDs:
Hs00169233_m1 for AHR and Hs99999903_m1 for reference gene ACTB; ThermoFisher Scientific,
Waltham, MA, USA) and TaqMan Fast Universal PCR MasterMix (ThermoFisher Scientific, Waltham,
MA, USA) as previously described [51] using a QuantStudio 12K Flex (Appllied Biosystems, Foster City,
CA, USA). The expression of reference gene ACTB was used as an endogenous control. The relative
expression was calculated by the formula RQ = 2–∆∆Ct [52] (QuantStudioTM 12K Flex Softwere v1.2.2,
Applied Biosystems, Foster City, CA, USA).

4.11. Data Analysis

The data were plotted as the mean value ± standard error of the mean (SEM) and analyzed by
means of GraphPad Prism 8 software (GraphPad Software, Inc., La Jolla, CA, USA). Statistical analysis
was performed using one-way ANOVA with Tukey post hoc test or unpaired t-test (significance was
accepted at p < 0.05). The western blots shown in the figures were selected as the most representative
among repetitions n ≥ 3. Western blots were quantified densitometrically using NIH ImageJ software
(Wayne Rasband, Bethesda, MD, USA) and are shown as relative value of control (the fold changes in
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protein level ≥30% were considered as significant; qualitative analysis). The data were normalized
relative to β-actin.
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Abbreviations

AhR aryl hydrocarbon receptor
BSA bovine serum albumin
BrdU 5′-bromo-2′-deoxy-uridine
CDK cyclin-dependent kinase
DMEM Dulbecco’s modified Eagle’s medium
DMSO dimethyl sulfoxide
FBS fetal bovine serum
FICZ 6-formylindolo[3,2-b]carbazole
FITC fluorescein isothiocyanate
HBSS Hanks’ Balanced Salt solution
HEMa normal human adult primary epidermal melanocytes
IDO indoleamine 2,3-dioxygenase
KYNA kynurenic acid
KYN kynurenine
LDH lactic dehydrogenase
PBS phosphate buffered saline
Rb retinoblastoma tumor suppressor protein
SEM standard error of the mean
TDO tryptophan 2,3-dioxygenase
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