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Abstract

Sepsis is a severe clinical condition that is a result of the cellular and biochemical response to infection. The present study
evaluated the therapeutic potential of tryptophan against lipopolysaccharide (LPS)-induced acute lung injury (ALI) in rats.
Rats were grouped into sham, control (ALI), and ALI+ 1, 25, and 50 mg/kg body weight L-tryptophan. Supplementation
with 1, 25, and 50 mg/kg L-tryptophan reduced the total protein content by 4.9%, 33.4%, and 64.5%; the levels of neutrophils
(12.5%, 31.8%, and 65.1%), lymphocytes (15.1%, 41.7%, and 63.3%), total cells (12.6%, 42.4%, and 65.7%); lipid peroxi-
dation (9.4%, 28.4%, and 68.7%); myeloperoxidase levels (12.1%, 33.4%, and 68.2%); migration inhibitory factor (12.7%,
39.5%, and 68.2%), interleukin (IL)-8 (5.5%, 46.8%, and 78.5%), tumor necrosis factor (TNF)-a (10.8%, 39.8%, and 72.2%),
respectively. Supplementation with 1, 25, and 50 mg/kg L-tryptophan reduced mRNA expression of TNF-a (4.5%, 21.8%, and
41.8%), IL-1p (5.2%, 17.9%, and 46.2%); and the protein expression of TNF-a (2.8%, 15.2%, and 35.7%) and IL-1p (5.2%,
15.6%, and 28.6%), respectively. It also reduced glutathione (to near normal levels), neutrophilic infiltration and edema, and
the wet/dry ratio of lung tissue. It significantly increased catalase, superoxide dismutase, glutathione peroxidase levels, as
well as the partial pressure of oxygen (PaO,) by 21.9%, 52.8%, and 87.4%, respectively. Altogether, our results suggest that
supplementation with L-tryptophan has a strong protective effect against LPS-induced ALIL
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Abbreviations GSH Reduced glutathione
ALI Acute lung injury SOD Superoxide dismutase
MPO Myeloperoxidase

TNF-a  Tumor necrosis factor alpha

MIF Migration inhibitory factor Introduction

IL-8 Interleukin-8

Pa0O2 Partial pressure of oxygen Sepsis is a severe clinical condition that is a result of the
ARDS Acute respiratory distress syndrome cellular and biochemical response to infection (Zhai et al.
BALF Bronchoalveolar lavage fluid 2018). Baracchi et al. (2011) reported a higher rate of
MDA Malondialdehyde sepsis-induced mortality in individuals in intensive care.
ANOVA Analysis of variance Sepsis causes dysfunction in lungs and other organ (Kim

and Hong 2016). In particular, patients with tachypnea and
hypoxia experience acute lung injury (ALI) (Raghavendran
and Napolitano 2011). ALI leads to acute respiratory dis-
tress syndrome (ARDS), resulting in higher morbidity and
< Yongming Yao mortality rates (Matthay and Ware 2012; Yao et al. 2013).

yongmingyaoy @gmail.com Matute-Bello et al. (2008) reported that poor lung perfor-
mance, edema, protein-rich fluid accumulation in airspaces,
pulmonary neutrophil infiltration, and accelerated alveolar-
capillary membrane permeability are major symptoms of
ALI Kojicic et al. (2012) reported that increased health-
care resources and prolonged hospitalization are required
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for patients with ARDS/ALLI. Bice et al. (2013) reported that
therapy becomes overly costly when ARDS/ALI patients
require mechanical ventilation. At present, there is no per-
manent therapeutic approach for ALI; sepsis also increases
other associated death rates (Favarin et al. 2013). Effective
drugs are thus required for the treatment of ALIL.

Tryptophan is a key amino acid in the synthesis of pro-
teins in animals. It acts as a precursor for melatonin, seroto-
nin, and vitamin B3 (Slominski et al. 2002). Tryptophan is
involved in the anchoring of cell membrane proteins (Palme
and Nagy 2008). Bitzer-Quintero et al. (2010) reported the
antioxidant potential of tryptophan following endotoxic
shock in experimental rats. Hu et al. (2017) reported the
protective effects of melatonin against septic injury and bac-
terial infections; Xu et al. (2019) reported the therapeutic
efficacy of melatonin against microbial sepsis via neutro-
philic antibacterial activity. Wang et al. (2016) reported that
5-methoxytryptophan also exhibits anti-inflammatory activ-
ity against systemic inflammation. In this study, we evalu-
ated the therapeutic efficacy of tryptophan against lipopoly-
saccharide (LPS)-induced ALI in rats.

Materials and methods
Rats and housing conditions

Male albino Wistar rats were purchased from the Animal
House of the Fourth Medical Centre of the Chinese PLA
General Hospital (Beijing, China). The rats (170-200 g)
were maintained in cages with standard atmospheric con-
ditions and 12 h light/dark periods. The relative humidity
was maintained at 60 + 5% and the temperature was kept at
25+0.5 °C.

Experimental design

Experimental ALI was induced in rats according to pre-
viously described method (Zhang et al., 2018). Rats were
grouped into sham, control (ALI), ALI+ 1, 25 and 50 mg/
kg body weight L-tryptophan (Sigma-Aldrich, T0254). Each
group contained six rats. Rats were grouped into sham,
control (ALI), and ALI+ 1, 25, and 50 mg/kg body weight
L-tryptophan (Sigma-Aldrich, T0254). We conducted pre-
liminary study with various concentrations of L-tryptophan
(1-100 mg/kg). However, we observed the optimum and
significant effect of L-tryptophan up to 50 mg/kg. Thus, we
selected 25 mg/kg and 50 mg/kg in this study. Each group
contained six rats. L-Tryptophan was dissolved in water and
administered orally for 28 consecutive days. The dose vol-
ume was adjusted to 1 mL, and an equal volume of water was
given to the control and sham rats. At the end of treatment,
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blood and bronchoalveolar lavage fluid (BALF) were col-
lected for further analyses.

Determination of biochemical markers

Total protein levels in BALF were measured using the bicin-
choninic acid (BCA) method as previously described (Hua
et al. 2017). Protein levels in the supernatant of BALF were
measured using a biochemical analyzer (Bio-Rad Laborato-
ries, Hercules, CA, USA). Neutrophil, lymphocyte, and total
cell levels in BALF were estimated according to Hua et al.
(2017); 100 cells per slide were counted. The lipid peroxida-
tion level was measured as malondialdehyde (MDA) con-
tent in lung tissue as previously described (Samarghandian
et al. 2014). Catalase, glutathione peroxidase (Gpx), super-
oxide dismutase (SOD), and reduced glutathione (GSH) in
fresh lung tissue were determined according to previously
described methods (Weydert and Cullen 2010; Baydas et al.
2002). Myeloperoxidase (MPO) activity levels in lung tis-
sue homogenate were measured as described by Pulli et al.
(2013). Serum levels of tumor necrosis factor (TNF)-a,
migration inhibitory factor (MIF), and interleukin (IL)-8
were determined as previously described (Talebi-Garakani
and Safarzade 2013). The partial pressure of oxygen (PaO,)
in blood samples was determined according to Hua et al.
(2017). Briefly, 2 mL blood was collected from the aorta
abdominalis to measure PaO, in an automatic blood gas ana-
lyzer (Bio-Rad Laboratories).

Histopathological analyses

Histopathological evaluation of lung tissue was performed as
previously described (Talebi-Garakani and Safarzade 2013).
The right lower pulmonary lobe was removed, immersed in
neutral-buffered formalin (10%), and embedded in paraffin.
Tissues were sliced, sectioned (4 um), stained with hematox-
ylin and eosin, and examined for histopathological changes
under a light microscope (Olympus BX53, Tokyo, Japan).

Determination of wet/dry weight ratio

The wet/dry weight ratio of lung tissue was measured as
previously described (Huang et al. 2017). Briefly, wet weight
was determined through excision of right upper pulmonary
lobes, and dry weight was determined by placing these lobes
in an oven at 70 °C for 48 h.

RT-PCR

Total RNA was extracted from lung tissue and converted
into cDNA using reverse transcriptase III (ab63979, Abcam,
Cambridge, UK). Expression of TNF-a and IL-1f was ana-
lyzed using specific primers (TNF-a: forward, 5'-TAT GGC
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TCA GGG TCC AAC TC-3' and reverse, 5'-CTC CCT TTG
CAG AAC TCA GG-3'; IL-1p: forward, 5'-GAC CTT CCA
GGA TGAGGA CA-3' and reverse, 5'-AGG CCA CAG
GTA TTT TGTCG-3'). Relative mRNA expression was cal-
culated using the 2-2AC method (Muthuraman et al. 2014).

Immunohistochemistry

Lung tissues were sectioned, fixed, and permeabilized in
0.1% Triton X-100 for 10 min. Then the cells were incu-
bated with bovine serum albumin for 60 min, washed repeat-
edly, and incubated with primary antibodies against TNF-a
(ab6671, Abcam) and IL-1f (ab9722, Abcam) for 12 h, fol-
lowed by incubation with FITC-conjugated secondary anti-
body for 60 min.

Statistical analyses

The values are presented as the mean + standard deviation.
Experimental results were analyzed using analysis of vari-
ance (ANOVA), and Tukey’s post hoc test was carried out to
compare the results. The difference was taken as significant
at P <0.05.

Results

In this study, we evaluated the effects of tryptophan in
LPS-induced ALI in rats. The total protein level in BALF
was drastically increased by 321.1% in the control group.
However, supplementation with L-tryptophan reduced the

Fig. 1 Protective effects of 600 1
L-tryptophan on the total protein
level in bronchoalveolar lav-

age fluid (BALF) of rats with
LPS-induced acute lung injury
(ALI). ***P <(.001 vs. sham
group, P <0.05 and #¥P <0.01
vs. control group. N=6 400

Protein content (ug/mi)

total protein content by 4.9%, 33.4%, and 64.5% at 1, 25,
and 50 mg/kg, respectively (P <0.05, Fig. 1). In the con-
trol group, neutrophils, lymphocytes, and total cells were
substantially increased by 468.5%, 307.2%, and 354.9%,
respectively (P <0.05, Fig. 2). However, supplementation
reduced them by 12.5%, 31.8%, and 65.1%; 15.1%, 41.7%,
and 63.3%; and 12.6%, 42.4%, and 65.7%, respectively
(P <0.05, Fig. 2). MDA content was increased by 521.7%
in the control group, and supplementation reduced these to
9.4%, 28.4%, and 68.7% (Fig. 3, P <0.05). Catalase, SOD,
Gpx, and GSH were lower in control rats than in sham rats,
and supplementation significantly increased these antioxi-
dant markers to near normal levels (Table 1, P <0.05). MPO
activity was substantially increased (609.8%) in the control
group, and supplementation reduced levels by 12.1%, 33.4%,
and 68.2% (Fig. 4, P <0.05). In control rats, MIF, IL-8,
and TNF-a level were increased by 441.7%, 717.3%, and
532.9%, respectively. However, L-tryptophan reduced these
by 12.7%, 39.5%, and 68.2%; 5.5%, 46.8%, and 78.5%; and
10.8%, 39.8%, and 72.2%, respectively (Fig. 5, P <0.05).

PaO, was reduced by 506.6% in the control group, and
supplementation increased it by 21.9%, 52.8%, and 87.4%
(Fig. 6, P<0.05). Neutrophilic infiltration and edema are
the predominant proinflammatory changes following ALI.
However, supplementation resulted in significant recov-
ery of these (Fig. 7). The wet/dry ratio of fresh lung tis-
sue was significantly increased in control rats; this ratio
was reduced following supplementation with L-tryptophan
(Fig. 8, P<0.05).

The mRNA expression of TNF-a and IL-1f was increased
120% and 90%, respectively, in the control group. However,
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Fig.2 Protective effects of L-tryptophan on neutrophils, lymphocytes, and total cells in BALF of rats with LPS-induced ALI. a Neutrophils, b
lymphocytes, and ¢ total cells. ***P <0.001 vs. sham group, *P <0.05, #P <0.01 and **P <0.001 vs. control group. N=6

Fig. 3 Protective effects of 801
L-tryptophan on lipid peroxida-
tion in lung tissue homogenates ”

of rats with LPS-induced ALI.
*##%P <0.001 vs. sham group,
#P<0.05 and #P<0.01 vs. 60 4
control group. N=6 .
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Table 1 Effect of L-tryptophan supplementation on antioxidant markers in sepsis induced acute lung injury of rats

Markers Sham Control ALI+1 mg/kg body ALI+25 mg/kg body ALI+ 50 mg/kg body
weight L-tryptophan weight L-tryptophan weight L-tryptophan

Catalase (U/mg of protein) 73.5+5 24.4 4 2%%* 30.7+2.7 47.4+32% 61.7 +4.2%

SOD (U/mg of protein) 81.3+5.8 19.3 4+ 1.2% %% 26.4+2.2 425+3.2% 69.3 +4.6"*

Gpx (nmol/ml) 0.67+0.03 0.18 £0.01 %% 0.23+0.01% 0.45+0.03% 0.61+£0.04%#

GSH (nmol/ml) 0.78 +0.04 0.21 +0.02% 0.27+0.02 0.48 +0.03% 0.69 +0.03%#

%P <0.001, #P<0.03, #P <0.01, and #*P <0.001

Fig.4 Protective effects of 50 1
L-tryptophan on myeloper-

oxidase activity in lung tissue

homogenates of rats with LPS-

induced ALI. ***P <0.001 40
vs. sham group, *P <0.05 and
#p <0.01 vs. control group.
N=6

MPO (Ulg of protein)

Sham

44D <0,001, #P <0.05 & #P<0.01

L-tryptophan reduced these by 4.5%, 21.8%, and 41.8% and
5.2%, 17.9%, and 46.2%, respectively (P <0.05, Fig. 9a).
Immunohistochemical analyses showed reduced TNF-a and
IL-1p expression in a dose-dependent manner (Fig. 9b). Pro-
tein expression of TNF-a and IL-1p was increased by 110%
and 92% in the control group, respectively, and supplemen-
tation reduced these by 2.8%, 15.2%, and 35.7% and 5.2%,
15.6%, and 28.6% (P <0.05, Fig. 9c).

Discussion

The present study evaluated the effects of tryptophan in
sepsis-induced ALI in rats. Poor lung performance, edema,
protein-rich fluid accumulation in airspaces, pulmonary
neutrophil infiltration, and accelerated alveolar-capil-
lary membrane permeability are major symptoms of ALI
(Matute-Bello et al. 2008). Destruction of the pulmonary
endothelium and alveolar epithelium is the primary cause
of lung dysfunction (Herrero et al. 2018). Cytokines play a

ok
30
#
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Control L-Tryptophan (1 mg/kg) L-Tryptophan (25 mgkg) L-Tryptophan (50 mgikg)

major role in inflammation, and understanding the effects of
L-tryptophan on the production of inflammatory cytokines
in sepsis-induced ALI is important. Chen et al., (2018) have
reported that the heme oxygenase-1 reduces sepsis-induced
endoplasmic reticulum stress and ALI Activated neutrophils
and macrophages release increased levels of ILs and TNF-a
in ALI (Fuller et al. 2015), which leads to the accumulation
of neutrophils in lung tissue (Carney et al. 1999). Supple-
mentation of 25 and 50 mg/kg L-tryptophan reduced TNF-a
levels, confirming the protective effects of L-tryptophan
against sepsis and inflammation.

IL-8 plays a key role in endothelial activation, capillary
leaks, and ischemia—reperfusion injury (Zhang 2008) and
MIF levels are increased in sepsis-induced ALI (Gao et al.
2007). Supplementation of 25 and 50 mg/kg L-tryptophan
reduced IL-8 and MIF levels, further confirming the pro-
tective effects of L-tryptophan against sepsis and inflam-
mation. Wang et al. (2016) reported the anti-inflammatory
activity of 5-methoxytryptophan against systemic inflam-
mation. Evaluation of antioxidant and lipid peroxidation

@ Springer



1144 S.Liuetal.

A 25 B 704 *okok
ek
60 -
20 A
50
o 154 # = 40 - #
g 5
R S
i 10 oo 304
= i =
= 20
54
0 T T T T 0 -—- T T T T
Sham Control  L-TryptophanL-Tryptophan L-Tryptophan Sham Control  L-TryptophanL-TryptophanL-Tryptophan
(1 mghkg) (25mghkg) (50 mgkg) (1 mgikg) (25 mgke) (50 mgkg)
c 2000
B2 23
F 1500 -
2
N
s HE
£ 1000 -
=
i
500
[] -
Sham Control  L-Tryptophan L-Tryptophan L-Tryptophan

(Imghkg) (25mgkg) (50 mgke)

##4 D <0,001, P <0.05 & #P <0.01

Fig.5 Protective effects of L-tryptophan on migration inhibitory fac- TNF-a. ##*¥P<0.001 vs. sham group, *P<0.05, #P<0.01, and
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Sham Control L-Tryptophan (1 mg/kg)
ST 3 . T ‘

Fig.7 Protective effects of L-tryptophan on the cellular architecture control rats. L-Tryptophan recovered these changes. N=6. Magnifica-
of lung tissue of rats with sepsis-induced ALI. Neutrophilic infiltra- tion, 40%. Scale bar is 100 pm
tion and edema were the predominant proinflammatory changes in

Fig. 8 Protective effects of 257
L-tryptophan on the wet/dry

ratio of fresh lung tissue of

rats with LPS-induced ALI.

*#%P <(0.001 vs. sham group, 20 1
#P<0.05 and " P <0.001 vs.
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Fig.9 Protective effects of vr-tryptophan on mRNA and protein
expression levels of TNF-a and IL-1f. a Relative mRNA expres-
sion of TNF-a and IL-1f. b Immunohistochemical staining of TNF-a

status will improve our understanding of the mechanism of
L-tryptophan against sepsis. The active role in ALI-induced
pathology has been researched extensively (Li et al. 2015).
Reduced levels of antioxidants have been reported in sepsis-
induced ALI (Zolali et al. 2014). Supplementation of 25 and
50 mg/kg L-tryptophan increased catalase, SOD, Gpx, and
GSH, but reduced lipid peroxidation, confirming the antioxi-
dant effects of L-tryptophan against sepsis and inflammation.
Nayak and Buttar (2016) recently demonstrated the strong
antioxidant potential of L-tryptophan in human cancer cells.

Determination of protein levels could be used as a
marker to evaluate lung permeability. Supplementation of
L-tryptophan reduced protein content, indicating a reduc-
tion in pulmonary permeability. It also reduced alveolar
distortion, pulmonary edema, and neutrophil infiltration
in sepsis conditions. The wet/dry ratio of fresh lung tissue
indicates the level of pulmonary edema. Supplementation
reduced the wet/dry ratio to a near normal ratio, confirming
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L-Tryptophan
(25 mgikg) (1 mgikg) Control

L-Tryptophan

L-Tryptophan
(50 mg/kg)

and IL-1f. ¢ Quantification of (b). ***P<0.001 vs. sham group,
#P <0.05 and **P <0.001 vs. control group. N=6

the protective effects of L-tryptophan against sepsis-induced
ALIL Altogether, our results suggest that supplementation
with L-tryptophan is effective against LPS-induced ALI.

Limitations of the study

In the current study, no toxic effects of L-tryptophan were
detected and no mortality occurred in all L-tryptophan-
treated groups. However, further studies are required to
determine whether repeated long-term administration of
L-tryptophan produces toxic effects.
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