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ABSTRACT
Background Despite a number of known health 
hazards of welding fume exposure, it is unclear how 
exposure affects the human metabolome.
Objective We assessed the metabolic profiles of 
welders before and after a 6- hour welding shift, 
controlling for circadian rhythm of metabolism on a non- 
welding day.
Methods Welders were recruited from a training centre 
in Quincy, Massachusetts, in 2006 and 2010–2012 and 
donated blood samples on a welding shift day before 
and after work, as well as on a non- welding day spent 
in an adjacent classroom. In total, we collected 509 
samples from 74 participants. Liquid chromatography–
mass spectrometry quantified 665 metabolites from 
thawed plasmas. Metabolites with significant time 
(afternoon compared with morning) and day (welding/
classroom) interactions were identified by two- way 
analysis of variance, and the overnight changes were 
evaluated.
Results Sphingosine 1- phosphate (S1P) and 
sphingasine 1- phosphate (SA1P) exhibited significant 
interaction effects between day and time with false 
discovery rate- adjusted p values of 0.03 and <0.01, 
respectively. S1P, SA1P and sphingosine shared similar 
trends over time: high relative levels in the morning 
of a non- welding day declining by afternoon, but with 
lower starting levels on a welding day and no decline. 
There was no obvious pattern related to current smoking 
status.
Conclusion S1P and SA1P profiles were different 
between welding day and classroom day. The S1P 
pathway was disrupted on the day of welding exposure. 
The levels of S1P, SA1P and sphingosine were highly 
correlated over time. S1P is a signalling lipid with many 
vital roles; thus, the underlying mechanism and clinical 
implications of this alteration need further investigation.

INTRODUCTION
Welding is a fabrication or sculptural process that 
joins metal materials by melting parts with high heat 
followed by fusion after cooling. Heating metals 
above their melting points generate potentially 
hazardous vapours and fine particle condensates, 
and the occupational hazards of welding includes 
such toxic fumes and gases as well as ultraviolet 
radiation, electromagnetic fields and coexposure to 
asbestos and harmful solvents. The type and extent 
of exposure relate to the process performed, mate-
rial used, ventilation and enclosure of the space, 

and use of personal protective equipment. Welding 
puts approximately 11 million welders worldwide 
at risk and exposes around 110 million additional 
workers to welding- related toxins.1

Welding exposure has many known adverse 
health effects. Welding fumes and ultraviolet 
radiation have been classified as group 1 carcino-
gens by the International Agency for Research on 
Cancer1 and are associated with increased risks of 
ocular cancer, lung cancer and liver cancer. Welding 
fumes also cause occupational respiratory diseases. 
Rhinitis and laryngitis can develop from deposi-
tion of large particles in the upper respiratory tract 
and absorption of soluble gases, including sodium 
dioxide by mucus membranes of the upper respira-
tory tract2; bronchitis can develop when particulates 
of ≤2.5 µm are deposited in bronchioles and paren-
chyma. Epidemiological studies have also shown 
associations between welding fumes and systemic 
inflammation,3 4 DNA damage biomarkers,5 6 heart 
rate variability7–9 and epigenetic effects.10–12

There are exposure limits for specific materials 
used in welding but no Occupational Safety and 

Key messages

What is already known about this subject?
 ► Welding fume has been classified as a group 
1 carcinogen by the International Agency for 
Research on Cancer. Preliminary studies suggest 
that it is also associated with occupational 
respiratory diseases, systemic inflammation, 
DNA damage, DNA methylation and disrupted 
heart rate variability.

What are the new findings?
 ► This repeated measurement metabolomic 
profiling study showed that sphingosine 
1- phosphate (S1P) and sphingasine 
1- phosphate profiles were different between 
welding days and days without direct welding 
fume exposure. Welding fume may disrupt the 
circadian rhythm of metabolites in the S1P 
pathway.

How might this impact on policy or clinical 
practice in the foreseeable future?

 ► Foreseeable clinical/public health impact is to 
advise reductions in exposure below those that 
are required by current regulation.
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Health Administration (OSHA) occupational exposure limit for 
generic welding fume exposure due to variation in welding mate-
rials and methods. There is also a knowledge gap with regard to 
the dose–response relationship of welding fumes on disease risk, 
and there is limited information about how welding fume expo-
sure may affect the human metabolome.

Metabolomics is a powerful analytical approach to reveal 
physiological and pathological metabolic alterations. It can 
be used to identify disease biomarkers and pathophysiological 
mechanisms using biological samples. Metabolomics can be a 
rigorous tool to study the toxicology of welding fume exposure 
and the mechanism of disease development. However, to achieve 
rigour, biological variation from interpersonal and intrapersonal 
(eg, circadian rhythm) sources must be sufficiently controlled. 
This represents the major challenge affecting studies linking 
metabolic alterations to environmental exposures. In this study, 
we examine the metabolic profile associated with welding fume 
exposure controlled via comparison to a time- matched point on 
a day without exposure. Also, we assessed the profile of differ-
entially expressed metabolites during exposure, as well as over-
night profiles before and after the exposure.

METHODS
Study population and study design
We invited apprentices and instructors attending a welding skill 
training centre to participate in our study. The training centre 
was owned and operated by the International Brotherhood of 
Boilermakers Union, Local 29, in Quincy, Massachusetts, and 
our participant pool consisted of active and inactive members of 
the Union. They performed welding, cutting and repairing jobs 
in commercial power plants for a living.

Data were collected in 2006 and from 2010 to 2012. Samples 
were collected periodically during ongoing training programmes. 
The regular maintenance routine of power plants was in spring 
and autumn, so the training programme was usually scheduled 
on the weekends of off seasons, namely, summer and winter. 
The study design and sample collection are shown in table 1. 
Briefly, in 2006, on the day of a shift, we collected blood samples 
at 06:30–7:00 before a 6- hour shift and at 142:30–15:00 after 
work and then again at 6:30–7:00 of the following day. In 2010, 
we collected samples in the afternoon of the day prior to the 
shift and then again before and after work on the day of the 
shift. During 2011 and during 2012, on the day of a shift, we 
collected samples before and after work to be compared with 
control samples taken within 1 day before or 6 days after the 

welding day and from a matched time period spent in an adja-
cent classroom area separated from the work area by a wall and 
with separate exhaust ventilation. If control and exposure days 
were adjacent, data were also qualified for use in evaluating an 
overnight metabolic profile. A few participants also provided 
additional baseline samples that were measured in the after-
noon of non- welding days. There were a total of 509 qualified 
samples collected from 74 participants, some of whom joined 
in multiple study periods. Among these samples, 176 (44×4) 
samples were qualified for two- factor analysis of variance 
(ANOVA), 297 (99×3) samples were qualified for pre- exposure 
overnight profile, and 132 (44×3) samples were qualified for 
postexposure overnight profile (table 1). Some participants 
joined multiple study periods, and each participant donated 
3–20 samples. Some samples were qualified for both the two- 
way factorial and overnight designs. In addition, nine partici-
pants had >4 samples collected within 2 weeks, allowing us to 
study trends in their metabolic profiles.

Exposure assessment
On welding days, apprentices were lessoned in manual metal 
arc welding on mild and stainless steel. The whole session lasted 
about 6 hours from morning to afternoon, with a meal break 
taken in the classroom area. In the control period, participants 
stayed in the classroom area and completed questionnaires and 
testing. During the shift, each participant (in both welding and 
classroom areas) wore a personal DustTrak Aerosol Monitor 
(TSI, St. Paul, Minnesota, USA) to analyse PM2.5 concentra-
tion from the breathing zone. Details of this exposure assess-
ment method were described previously.13 Briefly, the monitor 
provides continuous 1 min averages of particulate levels using an 
inlet impactor to select particles of <2.5 µm and light scattering 
to determine concentrations. All participants wore personal 
protective equipment, including face shields and gloves. Local 
exhaust ventilation was placed at the operating bench near the 
welding source, in addition to ceiling general ventilation.

Blood collection method
A certified phlebotomist drew blood samples into EDTA- coated 
vacutainer tubes (BD Scientific, Franklin Lakes, New Jersey, 
USA) at the training centre. After allowing blood samples to clot 
at room temperature for 20–30 min, the clot was removed by 
centrifuging at 1200 revolutions per minute for 12 min. Plasma 
was aliquoted to cryogenic tubes and stored at –80°C. All 

Table 1 Time of sample collection and study design

Sampling period†
Design N

Non- welding day Welding day Non- welding days‡

The previous 
morning

The previous 
afternoon Morning (preshift)

Afternoon 
(postshift)

The next 
morning Morning Afternoon

2006 Overnight 35 35 samples 35 samples 35 samples

January 2010–February 
2010

Overnight 30 30 samples 30 samples 30 samples

June 2010–July 2010 Overnight 33 33 samples 42 samples 42 samples 9 samples

January 2011–February 
2011

Two- way 6 6 samples 6 samples 14 samples 14 samples 8 samples 8 samples

June 2011 Two- way 14 14 samples 14 samples 14 samples 14 samples

June 2012 Two- way 16 16 samples 16 samples 16 samples 16 samples

44 sets of samples were qualified for postexposure overnight design; 99 sets of samples were qualified for pre- exposure overnight design; 44 sets of samples were qualified for 
two- way factorial design.
†74 welders participated in the study. Some welders participated in multiple sampling periods. We collected 509 samples in total.
‡Non- welding days is within ±7 days’ interval from the welding day; besides, a few participants had additional samples collected at baseline (12 samples).

 on M
ay 23, 2023 by guest. P

rotected by copyright.
http://oem

.bm
j.com

/
O

ccup E
nviron M

ed: first published as 10.1136/oem
ed-2020-106918 on 26 O

ctober 2020. D
ow

nloaded from
 

http://oem.bmj.com/


3Gao S, et al. Occup Environ Med 2020;0:1–7. doi:10.1136/oemed-2020-106918

Workplace

samples were kept frozen before shipping on dry ice to Metab-
olon (Morrisville, North Carolina, USA) for analysis.

Metabolite profiling
A detailed description of the metabolite profiling method was 
previously published.14 Briefly, proteins were precipitated from 
plasma and stored overnight in liquid nitrogen before analysis. 
At the time of analysis, each extract was divided into multiple 
fractions for different analytical techniques, including reverse- 
phase ultrahigh- performance liquid chromatography–tandem 
mass spectroscopy methods with both positive and negative 
ion mode electrospray ionisation (ESI) and hydrophilic interac-
tion ultraperformance liquid chromatography—mass spectros-
copy with negative ion mode ESI. Different methods quantifies 
different groups of metabolites.

In summary, 655 biochemical metabolites were identified from 
each sample, including amino acids, carbohydrates, cofactor/vita-
mins, lipids, nucleotides, all characterised molecules, peptides 
and xenobiotic metabolites.

Instrumental quality control and peak reading
Before the first step of the analysis, internal standards were 
added to each sample for quality control purposes. Instrument 
variability, determined as the median relative SD (RSD) for 
internal standards of each sample, was 4%.

A reference sample was created by pooling small volumes of 
different well- characterised human plasma samples, and it served 
as a technical replicate in the analysis. Overall process variability 
was 8%, determined as median RSD for all endogenous metabo-
lites present in the matrix sample.

Peak data were read by the Metabolon LIMS system. 
Compounds were quantified using area under the curve. As 
the procedure spanned multiple days, the instrument’s interday 
variation was normalised per batch per compound. Missing 
values due to low concentration were imputed as the minimum 
observed value for each compound. Each compound’s concen-
tration was median scaled to 1. Data were log- transformed and 
mean- centred before statistical analysis.

Covariates
We collected information regarding age, body mass index, 
gender, race, physician diagnosis of asthma or diabetes, and 
smoking status. As this is a repeated measurement study with 
each participant serving as his own control, we did not include 
these covariates in statistical models. However, some analysis 
was stratified by smoking status.

Statistical analysis
There were three phases of statistical analysis: (1) screening for 
metabolites differentially expressed based on exposure, using 
two- way factorial ANOVA with Benjamini–Hochberg false 
discovery rate (FDR) adjustment15; (2) investigating the profile 
of selected metabolites based on exposure, including overnight 
expression pattern; and (3) assessing the expression pattern of 
selected metabolites in a longer 2- week window.

In phase I, we first performed principal component analysis to 
identify factors influencing data clustering.

Once we confirmed that batch effect of different instrumental 
runs had minimal effect on data clustering, we performed 
two- factor ANOVA analysis about each metabolite based on 
day (welding/classroom area), time (morning/afternoon) and 
an interaction term, and adjusted the p value with the FDR 

method. The aforementioned analysis was performed online 
with MetaboAnalyst V.3.0.16

In phase II, we selected the only two metabolites (sphingosine 
1- phosphate (S1P) and sphinganine 1- phosphate) with signifi-
cant day/time interaction effects from the previous analysis. 
Another metabolite (sphingosine) was selected as among the top 
10 hits and in the same metabolic pathway (ie, a precursor of 
S1P). With each of the three metabolites as the outcome variable, 
we evaluated the within- subject effect of welding fume exposure.

In the two- factorial design, we plotted metabolites at two time 
points on the day of welding or in the classroom area. We used 
the within- subject test to indicate the effect of day, time and day–
time interaction.

In two- way designs, we plotted the average level of metab-
olites stratified by current smokers and non- smokers. We also 
performed stratified analysis based on participants’ weight, and 
overweight has been defined as BMI of no less than 25 kg/m2. 
The aforementioned analysis was based on balanced data subsets.

In phase III, we evaluated the profile of the three metabolites 
in a cross- over design. We stratified the 44 participants into two 
groups. The first group performed welding before the classroom 
day (n=8), while the second group performed welding after the 
classroom day (n=36). We evaluated profiles of the three metab-
olites and compared trends in the two groups. In addition, among 
the nine participants who had>4 samples collected within half 
a month, 6 and 3 had welding days before or after, respectively, 
their control day, and the trajectory of relative levels of the three 
metabolites over time is presented in the online supplementary 
materials.

The above analysis was performed with SAS 9.4 software 
V.9.4.

RESULTS
The study population consisted of 74 men, with an average age 
of 42 years. The majority (86%) was Caucasian. Average BMI 
was 29.4 kg/m2, close to the definition of obese (30 kg/m2). 
Demographic characteristics and exposure levels are shown 
in table 2. Average PM 2.5 level of participants’ daily means 
during the welding shift was 421 µg/m³, which was significantly 
higher than the 120 µg/m³ exposure in the classroom area (t- test 
p<0.01). More data about seasonal PM2.5 exposure level are 
shown in online supplemental table 1. The PM2.5 exposure level 
in winter was higher than it in summer.

Color- coded PCA plots are shown in the Supplementary 
Material (online supplemental figure 1 and 2), indicating the 
sample batch does not relate to data clustering. However, there 
were 37% current smokers in the study population, and smoking 
status was related to data clustering within the overall sample.

Using within- subject ANOVA, we found that S1P and sphin-
ganine 1- phosphate (SA1P) had significant interaction effects 
between the type of day (welding/classroom area) and time 
(morning/afternoon). FDR- adjusted p- values for interaction for 
S1P and SA1P were 0.03 and <0.01, respectively (online supple-
mental table 2). This indicates that these two metabolites were 
expressed differently based on exposure, controlled for circa-
dian rhythm. Sphingosine was among the top 10 hits but without 
a significant interaction term. It was selected for further consid-
eration because it is the precursor of S1P (online supplemental 
figure 3).

In phase II, we further evaluated the profile of S1P, SA1P, 
and sphingosine. Relative levels of these metabolites in the 
two- factor factorial design are shown in table 3 and visualised 
in figure 1. Data from four samples each from 44 sampling 
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groups (176 samples in total) showed that S1P, SA1P, and 
sphingosine started with high levels in the morning of the 
classroom day and dropped in the afternoon. However, on 
the welding day, the three metabolites started at a lower level, 
then S1P did not change; SA1P increased, while sphingosine 
decreased over the welding shift. Unadjusted p- values for the 
interaction were<0.01,<0.01, and 0.06, respectively.

From repeated measurements ANOVA, we found that S1P 
and SA1P levels did not change from the previous afternoon 

to the morning before welding, while sphingosine decreased 
during this period. S1P slightly decreased on the welding day, 
while no significant change was found for SA1P and sphin-
gosine during the same period. There was no obvious pattern 
found in stratified analysis by current smoking status and over-
weight status, respectively (online supplemental figures 4 and 
5).

In the overnight design to the morning after welding: all 
metabolites decreased during the welding shift and slightly 
increased until the next morning (table 3 and figure 2). We did 
not find that smoking status had an interaction effect with time.

In phase III, we confirmed that the trends of the three 
metabolites in the two- factor factorial design were the same 
whether the welding day was measured before or after the 
classroom day (figure 2). The beginning levels of S1P, SA1P, 
and sphingosine were always higher on the classroom day 
compared with the welding day.

We performed analysis of participants who provided five or 
six samples within about 2 weeks. Despite the small sample 
size, we observed that trajectories of the three metabolites 
were still highly correlated. Each compound tended to peak in 
the morning of the classroom day (online supplemental figure 
6). In addition, afternoon levels of these compounds in the 
classroom were stable over time.

DISCUSSION
This study evaluated plasma metabolites that were differently 
expressed under welding fume exposure. As an occupational 
hazard of welding, the PM2.5 level in both the welding area and 
classroom area exceeded the WHO recommendation of 10 µg/
m³ for an annual mean or 25 µg/m³ for a 24- hour mean.17

We found that S1P and SA1P levels were disrupted on the 
day of welding. We focused on these two compounds as well 
as sphingosine, which is the precursor of S1P, in our analysis 
and identified expression patterns related to different exposure 
conditions.

Table 2 Characteristics of participants

Characteristics Mean SD

Age (years) 41.7 13.3

BMI (kg/m2) 29.4 6.6

PM2.5_welding (μg/m3) 421 360

PM2.5_classroom area (μg/m3) 120 60

N %

Smoking status

  Non- current- smoker 40 63

  Current smoker 34 37

Gender

  Male 74 100

Race

  Caucasian 63 85

  African–American 7 9

  Asian 2 3

  Other 2 3

Diabetes (ever)

  No 69 94

  Yes 5 6

Asthma (ever)

  No 69 94

  Yes 5 9

PM2.5 is the average of 1 min averages over the 6- hour shift.
BMI, body mass index; PM, particulate matter

Table 3 Within- subject effect of day (welding/classroom area) and time (morning/afternoon) on three metabolites, as well as overnight effects

Sphingosine 1- phosphate Sphinganine 1- phosphate Sphingosine

Mean* (SD) Mean (SD) Mean (SD)

Two- factor factorial ANOVA Pr>F Pr>F Pr>F

N/AM 0.24 (0.33) 0.16 (0.44) 0.25 (0.63)

N/PM −0.04 (0.33) −0.15 (0.49) −0.13 (0.49)

W/AM −0.16 (0.34) Pinteraction<0.01 −0.27 (0.43) Pinteraction<0.01 −0.18 (0.69) Pinteraction=0.06

W/PM −0.16 (0.26) −0.05 (0.52) −0.29 (0.65)

Previous afternoon and welding day Pr>|t|

Previous PM 0.02 (0.36)† <0.31 −0.04 (0.49) 0.72 0.07 (0.78) 0.01

W/AM −0.13 (0.28) <0.01 −0.03 (0.41) 0.24 −0.18 (0.86) 0.91

W/PM −0.02 (0.29) −0.09 (0.41) −0.17 (0.58)

Welding day and next morning

W/AM 0.06 (0.44) <0.01 0.00 (0.61) <0.01 −0.04 (0.46) <0.01

W/PM −0.27 (0.28) 0.39 −0.24 (0.42) 0.01 −0.29 (0.38) 0.42

Next morning −0.17 (0.29) −0.19 (0.48) −0.17 (0.40)

The sample sizes for two- factor factorial ANOVA, pre- exposure overnight design and postexposure overnight design were 176, 297 and 132, respectively.
Pr>F indicates probability that the predictor has no effect on the outcome variable.
Pr>|t| indicates probability that the level was different compared with the last measurement.
Interaction indicates the effect between the previous two factors.
*The mean of metabolites was calculated from concentrations after normalisation, log transformation and mean centring.
†These values are for both current smokers and non- current smokers.
AM/PM, afternoon compared with morning; ANOVA, analysis of variance; interaction, interaction effect between the previous two factors; W/N, welding day compared with non- 
welding day.
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We observed that, on the classroom day, the three compounds 
started at a relatively high level and declined during the day. 
This observation concurs with a previous study about the circa-
dian rhythm of S1P that it increases overnight and drops during 
the day within a normal range of 6–9 nmol/mL.18 This could 
represent the shared regular circadian rhythms of S1P, SA1P 
and sphingosine, and we can assume that the three metabolites 
increase overnight and drop during the day. In comparison, on 
the welding day, the starting point was much lower than that of 
the classroom day for the three metabolites, and their levels did 
not change dramatically over time. Instead, the level remained 
the same or slightly increased or decreased during the welding 
shift. To date, no other study reported factors that may influence 
the circadian rhythm of S1P.

In the postexposure overnight design, we did observe a 
decrease of all metabolites from the beginning to the end of a 
welding shift; however, the level of three metabolites ranged 
−0.1 to 0.1 in the morning, still lower than their profiles on the 
morning of classroom days, ranged 0.1–0.3.

An increase in the compounds from the previous afternoon 
to the sampling time before the welding shift was not observed. 
Instead, we observed an increase between the end of the welding 
shift and the next morning, and this pattern was consistent 
whether the welding day occurred before or after the class-
room day. Also, the profiles of S1P, SA1P and sphingosine were 
highly correlated with each other. When stratified by smoking, 
the pattern did not change; however, non- smokers may have be 
exposed to secondhand smoke in the classroom area. Thus, we 
cannot conclude the impact of smoking status.

S1P is a signalling sphingolipid belonging to the sphingosine 
subpathway of the lipid superpathway. It is a bloodborne lipid 
mediator particularly associated with lipoproteins, including 
high- density lipoprotein. Sphingolipids are a lipid family char-
acterised by a particular aliphatic aminoalcohol, namely, sphin-
gosine. S1P is the extracellular ligand for G protein- coupled 
receptor S1PR1, and it regulates the vascular system by affecting 
angiogenesis, vascular stability and permeability. It also functions 
in immune systems that regulate trafficking of T cells and B cells. 
S1P has been used as a drug to protect cells from chemother-
apeutic and radiation therapies,19 and it protects against isch-
aemia–reperfusion injury.20

The disruption of S1P and related sphingolipids observed in 
this study may contribute to the inflammatory response and 
cardiovascular effect of welding fumes. Studies show that high 

levels of welding fume exposure are related to acute changes 
in inflammatory biomarkers in blood circulation,21 as well as 
acute changes in vascular functions.7 22 While the roles of the 
S1P–S1P receptor signalling system in immunological trafficking 
and maintenance of vascular integrity is established,23 precisely 
how it contributes to regulation of inflammatory processes and 
pathology is complex. One study has shown that sphingosine 
kinase 1 regulates inflammation and contributes to acute lung 
injury in pneumococcal pneumonia via the S1P receptor 2.24 
This reflects a potential role for metabolites of the S1P pathway 
and inflammatory pulmonary disease, to which welders are espe-
cially susceptible. This is important as it is known that recurrent 
exposure to welding fumes may cause insufficient recovery from 
inflammation.25 The actions related to S1P are complex, and 
more information about its roles in diseases can be found in a 
review by Maceyka et al.26

SA1P is an intermediate in the metabolism of glycosphingo-
lipids and sphingolipids. Sphinganine, the precursor of SA1P, is 
also part of the metabolic pathway for synthesis of sphingosine 
and S1P. A recent study shows that SA1P may protect the kidney 
and liver from hepatic ischaemia and reperfusion in mice by 
selectively activating the S1PR1 receptor.27

To our knowledge, this is the first study that investigates the 
metabolic profile of workers under welding fume exposure that 
is properly controlled and validated. The balanced repeated- 
measurement study design was efficient and minimised biolog-
ical variability. The three- phase analysis provides valuable insight 
into how metabolites change over time. The cross- over design 
has this same advantage and additionally required fewer partici-
pants, thus reducing background noise.

We acknowledge limitations of the study. There might have 
been healthy worker bias. In occupational epidemiology studies, 
participants are often those less sensitive to the exposure, or 
selected by the job, who tend to have less relative mortality and 
morbidity rates. This phenomenon would bias towards the null, 
thus underestimating any exposure effect. The same exposure 
is possibly related to an increased risk of disease for a wider 
population. In addition, there may have been fugitive exposure 
in the classroom area released from welding area, but this was 
the only feasible way to collect control samples. In this instance, 
our results would be biassed towards the null, not finding an 
effect. Further, we only assessed relative level of metabolites, 
missing the absolute range of metabolites for comparison to 
normal range guidelines. Besides, the sample size is limited to 

Figure 1 Profiles of sphingosine 1- phosphate, sphinganine 1- phosphate and sphingosine over time. The three plots show levels of the indicated 
compounds by day (welding/classroom area) and time (morning/afternoon) based on 44 sets of two- way balanced data.
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investigate the metabolite profile in a longer period by five or 
more measurements. Future studies with a larger sample size can 
validate the pattern we found and evaluate whether the effect of 
welding fume exposure is reversible.

With regard to controlling the exposure, we found that the 
average PM2.5 level in classroom area was higher than WHO 
recommendations. Although the welding training centre set nega-
tive pressure from the classroom to the welding area, welders 
may open the door and introduce fumes from the welding area 
into the classroom during lunch break. Comparing PM2.5 expo-
sure levels between summer and winter, we found that PM2.5 
exposure level was higher in winter. However, it would not bias 
our study because in this self- controlled study, the control was 
measured within a few days before or after the exposure.

In conclusion, metabolism of the S1P pathway was disrupted 
on the day of welding. This change may be reversible. Since 
S1P is a vital signalling molecule regulating many biological 
processes, the underlying mechanism and influence of this alter-
ation require further investigation.
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