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Abstract
Seven different mycotoxins, 
including aflatoxin M1, ochratoxin 
A, sterigmatocystin, zearalenone, 
roridin E, verrucarin A, and enniatin 
B1 that have been associated with 
human illness were tested by LC/MS/
MS in urine samples of a control group 
of 89 healthy adult volunteers and 
103 adult patients suspected of mold 
illness based on clinical symptoms 
assessed by their physicians and 
findings of mold growth in their 
homes or offices. In addition, markers 
of gastrointestinal mold and yeast 
colonization, mitochondrial function, 
and glutathione status markers 
were assessed in the same urine 
samples by GC/MS. Values for all the 
mycotoxins tested were significantly 
increased in the mold patient group 
compared to the control group. 
Markers for mold colonization of 
the gastrointestinal tract were all 
significantly more elevated in the 
mold-exposed group compared to 
the control group. Lactic acid, oxalic 
acid, and pyroglutamic acid were 
all significantly higher in the mold-
exposed patient group compared 
to the control group. Succinic acid, 
a marker of mitochondrial function 
was also higher in the mold-
exposed group but did not reach 
statistical significance. Elevated 
markers of Fusarium and Aspergillus 
gastrointestinal colonization in mold-
exposed patients indicates a need for 
antifungal treatment for successful 
treatment of mold-exposed patients.

Introduction
	 Mycotoxins are physiologically 
active metabolites released by specific 
strains of filamentous fungi. Over 
400 different mold metabolites have 
been identified, however to date only 
several dozen have been shown to have 
significant toxic potency in humans.1 
Routes of exposure include inhalation, 

sex of the patient. Dietary deficiency, 
co-existing health conditions, and 
environmental/chemical exposure 
potentially create a compounding 
effect which can impact the severity 
of symptoms. Mycotoxins have been 
found in multiple different tissues with 
the highest concentrations found in 
liver and kidneys.7 Other tissues that 
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absorption through the skin, exposure 
to mold from water damaged buildings, 
occupational exposure, ingestion 
of mold-contaminated food,2,3 and 
mycotoxins produced by mold in the 
gastrointestinal tract or other organs. 
The mycotoxins that we evaluated in this 
study, including aflatoxin M1 (AFM1), 
ochratoxin A (OTA), sterigmatocystin 
(STC), zearalenone (ZEA), roridin 
E (ROE), verrucarin A (VER), and 
enniatin B (ENB), have multiple 
toxic properties which elicit health 
effects in patients. These properties 
include cytotoxicity, carcinogenicity, 
teratogenicity, hepatotoxicity, nephro
toxicity, neurotoxicity and immuno
suppression.4-6

	 Exposure to mycotoxins can lead 
to acute as well as chronic toxic 
effects, which are dependent on the 
mycotoxin type, the amount, length of 
the exposure, and the health, age, and 

can contain significant amounts of 
mycotoxins include brain, muscle, fat, 
skin, myocardium, gastric mucosa, and 
bone marrow.7 Mycotoxin exposure 
can lead to many different types of 
acute or chronic diseases.8,9 Symptoms 
of mycotoxin exposure can include 
cough, irritation of the eyes and skin, 
fatigue, migraines/headaches, joint 
pain, and neurological illnesses such 
as Alzheimer’s disease, Parkinson’s 
disease, and multiple sclerosis.10-14 
	 Monitoring mycotoxins and their 
metabolites in human samples to assess 
the exposure of individuals to mold is 
one of the first steps in determining 
the proper treatment for these 
patients. Recent advances in LC-MS/MS 
techniques now allow urinary biomarker 
assessments at environmentally relevant 
concentrations.10,15-17 Studies have 
shown that mycotoxins are produced 
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Mycotoxins, produced by mold in the body, inhibit 
mitochondria and deplete glutathione.
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by multiple species of mold, including 
those from Stachybotrys, Aspergillus, 
Fusarium, and Penicillium9 genera. 
Some of the important mycotoxins 
produced by these molds include 
aflatoxin M1 (AFM1) and ochratoxin A 
(OTA) from Aspergillus and Penicillium, 
zearalenone (ZEA) and enniatin B (ENB) 
from Fusarium, sterigmatocystin (STC) 
from Penicillium, roridin E (ROE) and 
verrucarin A (VER) from Stachybotrys).15 
Urine has been determined to be 
the preferred matrix for mycotoxin 
analysis because most mycotoxins are 
metabolized and excreted via urine.18 
	 In addition to monitoring these 
toxins in the urine of exposed and 
control patients, we examined metabolic 
markers to assess their relevance 
to alterations of other biochemical 
functions, which could assist in 
determining proper treatment for mold 
exposure. GC/MS instrumentation 
was used to measure known small 
molecule biomarkers and to assess their 
correlation with mold and mycotoxin 
exposure. The specific urine markers 
that were analyzed have been shown to 
give insight on mold colonization of the 
gastrointestinal tract, yeast coinfection, 
mitochondrial damage, and glutathione 
usage. 
	 Studies have shown that multiple 
species of mold can colonize different 
tissues in the body including the lungs, 
gastrointestinal tract, and sinus cavities 
and a recent study found Aspergillus 
and Penicillium species to be present 
in the gastrointestinal tracts of healthy 

volunteers.19 Some of the most 
frequently diagnosed fungal pathogens 
come from the genera Aspergillus 
and Candida. To test for colonization 
of Aspergillus, we measured 
5-hydroxymethyl-2-furoic and furan-
2,5-dicarboxylic acids.20-21 We measured 
tricarballylic to indicate the presence of 
Fusarium species.22 
	 Because of the immunosuppressive 
abilities of mycotoxins released from 
Aspergillus and other colonizing mold 
species, Candida can frequently coinfect 
a patient.23 Species of Candida are 
frequently opportunistic pathogens that 
may cause various infections from oral 
candidiasis to systemic blood stream 
infections.24 There are over 200 species 
of invasive Candida. Candida albicans 
is the most prevalent fungal pathogen 
of humans, however Candida glabrata, 
Candida krusei, Candida tropicalis, and 
Candida parapsilosis can also cause 
human candidiasis.25 Candida can 
colonize skin, mucosal surfaces, and 
the gastrointestinal tract. As a marker 
for Candida colonization, we measured 
citramalic acid, which has been shown 
to be produced by various species of 
yeast.26

	 Mitochondria are double membrane-
bound organelles that generate the 
cell’s energy through the production 
of adenosine triphosphate (ATP). The 
mitochondria produces other forms 
of energy through the citric acid cycle 
(TCA) in the form of NADH and FADH.27 
Previous studies have shown a role for 
mitochondria in mycotoxin toxicity.28-32 
OTA exposure can lead to mitochondrial 
transmembrane potential loss and 
caspase-3 activation. Multiple cellular 

changes occur following OTA exposure, 
which include decrease of Bcl-xL, 
survivin, (which lead to increases of 
apoptosis) and IL-2 and an increase of 
tumor necrosis factor alpha (TNF-α).30, 

32 Mycotoxins also inhibit mitochondrial 
efficiency by inhibiting mitochondrial 
translation. This repression of 
mitochondrial translation leads to 
increase in mitochondrial oxidative 
stress and contributes to mycotoxin 
sensitivity.29 To determine if patients 
exposed to mycotoxins are exhibiting 
mitochondrial stress, we decided to 
measure the organic acids lactic acid 
and succinic acid, which have been 
shown to be elevated in patients 
exhibiting mitochondrial disease.33-34 
	 Glutathione is a ubiquitous 
tripeptide that is present in almost all 
cells in high concentrations. Reduced 
glutathione is produced through two 
mechanisms in the body, de novo 
synthesis and recycling of oxidized 
glutathione dimers, GSSG. Its main 
function is to protect cells from toxic 
effects of oxygen-derived free radicals. 
There are many glutathione-dependent 
enzymes that perform a host of 
different regulatory and detoxification 
processes throughout the body.35 
One of these is a family of enzymes 
called glutathione transferases (GST). 
These enzymes utilize glutathione to 
conjugate and detoxify drugs and other 
xenobiotics. This pathway is one of the 
main pathways for the detoxification of 
mycotoxins. Depletion of glutathione or 
inhibition on the transferase enzymes 
can cause patients to become more 
susceptible to mycotoxin induced 
injury.36-37 Patients that have higher 
utilization of glutathione have higher 
elimination of pyroglutamic acid in their 
urine.38 Measurement of pyroglutamic 
acid can give us insight into the patient’s 
utilization of glutathione. 

Results of Mycotoxin Analysis
	 AFM1, OTA, STC, ZEN, ROE, VER, and 
ENB were analyzed by LC-MS/MS in 
urine for both the control group as well 
as the mycotoxin exposed group. For this 
purpose, a previously published method 
was used.39 In Tables 1 and Figure 1, we 
detail the results from the control group 
and the mycotoxin exposed groups 

Urinary Mycotoxins
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Table 1.  Mycotoxin amounts in patients

p values are based on the statistical differences between the means of exposed and control groups
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respectively. A positive value was any 
detectable value above our limit of 
quantification, which was 1.3 ng/g 
creatinine for AFM1, 1.2 ng/g creatinine 

for OCA, 0.1 ng/g creatinine for STC, 
0.5 ng/g creatinine for ZEA, 0.75 ng/g 
creatinine for ROE, 0.5 ng/g creatinine 
for VRA, and 0.09 ng/g creatinine for ENB. For AFM1, the mycotoxin was 

detected almost four times more often 
in the exposed group vs the control 
(24.3% vs 6.1%). The mean value 
for the exposed group was 23 times 
greater (2.14 vs 0.092 ng/g creatinine) 
than the control group. For OTA, the 
exposed group had more patients with 
detectable OTA than the control group. 
The mean for OTA was 11 times higher 
in the exposed group vs the control 
(18.68 vs 1.677 ng/g creatinine). STG 
was positive more often in the exposed 
group than the control group (17.8 vs 
10.9%), and the mean value was 38 
times higher in the exposed group (1.75 
vs 0.046 ng/g creatinine). 

Biochemical Markers Associated with 
Mycotoxin Exposure
	 Mycotoxin exposure can affect 
many different systems in the body. 
Measurements of these effects on 
patients can help in treatment. Utilizing 
GC/MS, we measured other markers 
that could be altered by exposure to 
mycotoxins. The markers that we were 
most interested in testing were related 

Urinary Mycotoxins

Figure 3.  Biomarker for Fusarium colonization.  Quantified in urine using 
a GC/MS.  Each graphical plot represents the mean±standard deviation. 

*designates p<0.05, comparing patient values and control values   

Figure 2.  Biomarkers for Aspergillus colonization.  
Quantified in urine using a GC/MS. Each graphical plot 
represents the mean±standard deviation. **designates 
p<0.005, comparing patient values and control values   

Figure 1:  Mycotoxin values in mold-exposed vs control populations.  Each graphical plot 
represents the mean+ standard deviation, **designates p<0.005, comparing patient values 

and control values   

➤
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to Aspergillus colonization, yeast 
colonization, mitochondrial status, and 
glutathione status. 

	 To determine if markers for 
Aspergillus or Fusarium growth is 
more abundant in patients exposed 
to mycotoxins vs controls, we decided 
to measure the amounts of three 
different markers. Two metabolites, 
5-hydroxymethyl-2-furoic and furan-
2,5-dicarboxylic acids, were analyzed as 
markers for Aspergillus (Figure 2) and 
tricarballylic measurements were used 
as an indicator for Fusarium (Figure 
3). The 5-hydroxymethyl-2-furoic acid 
values were higher in patients exposed 
to mold vs the control patients (9.11 vs 
2.91 mmol/mol of creatinine) (p value= 
0.00075). Furan 2,5-dicarboxylic acid 
was also found to be higher in patients 
exposed to mold. In the mold-exposed 
patients, furan-2,5-dicarboxylic acid was 
8.23 and in the control group it was 4.32 
ng/g creatinine (p value = 0.00904). The 
tricarballylic acid mean was found to 
be twice as much in the mold-exposed 
group versus the control group (0.46 vs 
0.22 mmol/mol of creatinine) (p value = 
0.0493). One additional marker that we 
measured was oxalic acid. Oxalic acid is a 
biproduct from Aspergillus.40 Oxalic acid 
in the colonized group was significantly 
higher than the control group (Figure 4) 
(137.7 vs 72.6 mmol/mol of creatinine) 
(p value=0.0029). 

	 Candida as well as other pathogens 
can infect a patient that has been 
exposed to mycotoxins.23 One reason 
for this increased risk of infection 
is that many mycotoxins possess 
immunosuppressive affects.41 To 
measure the amount of Candida 
residing in a patient, we selected 
citramalic as a marker, which has been 
shown to be produced by multiple 
strains of yeast (Figure 5).26 Citramalic 
was significantly higher in the mold-
exposed group versus the control group 
(1.45 vs 1.02 mmol/mol of creatinine) (p 
value = 0.00191). 
	 Fatigue is a common symptom of 
mold exposure, which can be attributed 
to decreased mitochondrial efficiency 
caused by mycotoxins.14 To test for 
mitochondrial stress, lactic acid and 
succinic acid were measured (Figure 6). 
Lactic acid is produced from pyruvate by 
lactate dehydrogenase when additional 
energy production is needed. Lactic 
acid is then either converted back 
to pyruvate or converted to glucose 
through gluconeogenesis. Succinic acid 
is generated in mitochondria through 
the tricarboxylic acid cycle. Succinate 
is then converted to fumarate by 
succinate dehydrogenase. In patients 
exposed to mycotoxins, lactic acid was 
significantly higher in their urine than 
the control group (29.8 vs 18.44 mmol/
mol of creatinine) (p value = 0.00229). 
For succinate, the observed value for 
the exposed group was higher than 
the control (9.56 vs 6.35 mmol/mol of 
creatinine); however, the value was not 
statistically significant (p value 0.12).
	 Glutathione conjugation is one of the 
primary pathways for the detoxification 
of mycotoxins. Mycotoxin exposure can 
lead to the depletion of glutathione 
stores, which will limit the body’s 
ability to detoxify multiple different 
xenobiotics. Depletion of glutathione or 
inhibition on the transferase enzymes 
can lead patients to become more 
susceptible to mycotoxin induced 
injury.36,37 Measuring pyroglutamic 
acid (5-oxoproline) in patient urine 
may give us insight into which patients 
are depleted of glutathione and are 
more at risk for mycotoxin inducted 
injury. When glutathione concentration 
is reduced, γ-glutatmylcysteine 

➤

Figure 4.  Biomarker for fungal 
colonization.  Quantified in urine using a 

GC/MS.  Each graphical plot represents the 
mean±standard deviation. **designates 
p<0.005, comparing colonized patient 

values and control values   

Figure 5.  Biomarkers for yeast colonization.  Measured on a GC/MS.  Each graphical plot 
represents the mean± standard deviation. *designates p<0.05, comparing patient values and 

control values   

Urinary Mycotoxins
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Table 2.   Summary of biomarker data for control and exposed groups 

Figure 7. Biomarker for urine glutathione 
quantified by GC/MS. Each graphical plot 

represents the mean ± standard deviation. 
*designates p<.05, comparing patient 

values and control values 

Figure 6. Mitochondrial biomarkers in urine. Each graphical plot represents the mean 
± standard deviation. **designates p<0.005, comparing colonized patient values and 

control values 

formation increases and this dipeptide 
is converted to pyroglutamic acid in 
the plasma; some of the pyroglutamic 
acid is excreted in urine.42 Patients 
exposed to mold had significantly higher 
amounts of pyroglutamic acid in their 
urine compared to controls (Figure 7) 
(25.69 vs 21.63 mmol/mol of creatinine, 
p value = 0.01461) 

Conclusions
	 Mold and mycotoxin exposure 
can affect multiple systems, including 
detoxification, immune function, and 
neuronal function, among others. 
Mycotoxins attack multiple cell 
types through their interactions with 
mitochondria, nuclear transcription 
factors, as well as DNA.27,30,32,37 We 
employed LC/MS/MS to quantitate 
mycotoxin exposure and GC/MS to 
measure other biomarkers that may 
indicate severity of effects on patients 
from the mycotoxins. 
	 Ochratoxin was the most prevalent 
mycotoxin found in mold-exposed 
patients (Table 1). The mold-exposed 
group had detectable amounts of 
ochratoxin in 85% of the patients; 
however, the control group also had 
detectable amounts in over half of that 
population (51.2%). The mold-exposed 
group had over 10-fold increase in 

detectable ochratoxin compared to 
the control group (18.68 vs 1.68 ng/g 
creatinine). Other mycotoxins that were 
increased in the mold-exposed group 
were aflatoxin M1 and sterigmatocystin. 
	 For biomarker analysis by GC/
MS, there were several significant 
differences between the exposed 
group versus the control group (Table 
2). The Aspergillus and Fusarium 
markers 5-hydroxymethyl-2-furioc, 
furan-2,5-dicarboxylic, and tricarballylic 
acids were all significantly elevated in 
patients with mold exposure. A previous 
study indicated that one site of mold 
colonization was the gastrointestinal 
tract that was ascertained by treatment 
with the antifungal drug nystatin, 
which is not absorbed from the 
gastrointestinal tract. The fact that 
the mold markers in that study were 
significantly reduced (56-63%) after 
10 days of nystatin indicated that at 
least a substantial portion of the molds 

producing these markers was from the 
gastrointestinal tract.43 The fact that the 
gastrointestinal tract was colonized with 
mold species also indicates that patients 
exposed to mold that has colonized the 
gastrointestinal tract might continue 
to have severe symptoms long after 
moving out of a mold-contaminated 
environment unless treated with 
antifungal agents to kill gastrointestinal 
molds. 
	 Patients that were exposed to mold 
also had a higher instance of yeast 
colonization, which was measured by 
increased levels of the yeast metabolite 
citramalic. The mitochondrial marker 
lactic acid was significantly elevated 
in patients exposed to mold. Oxalic 
acid, a toxic metabolite of Aspergillus, 
was elevated in the patients who were 
colonized. Oxalic acid has been shown 

➤
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to have toxic effects on virtually every 
organ of the human body including 
urinary tract, cardiovascular system, 
brain, muscles, thyroid gland, and eyes.44 
Lastly, pyroglutamic, a glutathione 
usage deficiency marker, was elevated 
in the patients exposed to mold versus 
our control samples. This was expected 
because glutathione is depleted in the 
detoxification of many mycotoxins. 
	 This study demonstrates that 
patients that are exposed to mold have 
elevated mycotoxins in their bodies, 
which can be measured by urine 
excretion. These mycotoxins cause 
multiple effects in the body. We were 
able to measure some of these effects 
through different urinary biomarkers by 
GC/MS. 

Materials and Methods
	 Selection of human subjects for test. 
This study enrolled a grand total of 185 
adults, split into the self-reported mold-
exposed group (n=103) and a healthy 
control group of adults at least 18 years 
old with no known mold exposure 
(n=82). Mold-exposed patients were 
reported by their medical practitioner 

to have symptoms that matched mold 
exposure. 
	 Chemicals and reagents. Urinary 
organic acid standards were purchased 
from Sigma-Aldrich (St. Louis, MO, USA) 
and mycotoxin standards solutions 
of ZEA, OTA, STG, VER, and ROE were 
purchased from Romer Labs Diagnostic 
(Tulln, Austria). Standard solution of 
AFM1 was purchased from Sigma-
Aldrich. Acetonitrile (ACN), ethyl 
acetate (EtOAc), methanol (MeOH), and 
chloroform (CHCl3) were purchased 
from Thermo-Fisher Scientific (USA). 
Solid standards were dissolved and 
combined into a multi-standard working 
solution for preparation of calibrants. 
Ultrapure water was produced by a 
Milli-Q system (Millipore, Bedford, MA, 
USA). 
	 Equipment and conditions. Urinary 
organic acid analyses were performed 
on a gas chromatography-mass 
spectrometry (GC-MS) system. The GC-
MS used was from Agilent (Palo Alto, 
CA, USA) and consisted of a 5977B mass 
spectrometer detector and a 7890B gas 
chromatograph. For GC-MS analysis, 1 
µl of sample was injected onto a 10-m 
DB-1MS capillary column with a 0.10-
mm diameter, with helium as the carrier 
gas. All experiments were done using 

electron-impact ionization with electron 
energy of 70 eV. The temperature 
program was started at 90oC, held for 
one minute after injection, and then 
increased to 280oC at a rate of 20oC/
min. 
	 A Tokyo Boeki Chemistry Analyzer 
was used to determine creatinine (mg/
dL) using a modified Jaffe method with 
Pointe Scientific creatinine reagent. All 
results were normalized to creatinine 
to correct for hydration variation among 
participants.
	 Participants and urine collection. All 
the volunteers were informed on how to 
collect first morning urine samples. For 
analyses, 25 ml of urine was collected 
from each sample. The two groups 
of patients were healthy volunteers 
(82) and patients suspected to have 
mycotoxin exposure (103). Sample kits 
were mailed to participants’ homes 
and then overnighted to the lab. The 
detection and quantification of urinary 
mycotoxin metabolites was performed 
using a liquid chromatography tandem 
mass spectrometry (LC-MS/MS) 
system including binary pumps, auto 
injector, separation column, and MS/
MS detector LC-MS/MS analyses were 
performed on a triple quadrupole 8060 
(Shimadzu, Kyoto, Japan). The method 
of analysis was detailed in a previous 
paper.39

	 Organic acid analysis. Urine 
organic acid analysis has historically 
been performed using GC/MS instru
mentation. Organic acid analytes are 
extracted from urine and derivatized 
before being analyzed by GC/MS. This 
analysis was performed similarly as 
first described by Tanaka et al.45 Urine 
samples were prepared for GC/MS 
analysis using liquid-liquid extraction 
technique. Samples were stored under 
refrigeration (-20oC) until testing. A 
1 mL aliquot of each urine sample 
was first incubated with 200 uL ethyl 
hydroxylamine hydrochloride (75g/L) 
at 60oC for 30 minutes to convert keto-
acids to their ethoxime derivatives. The 
samples were then acidified to pH 1 
with 100 uL 6N HCl to convert organic 
acids to an uncharged state before being 
extracted with ethyl acetate and ether. 
Solvent extracts were evaporated to 
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dryness under nitrogen and reacted with 
BSTFA (1%TMCS) at 80oC for 10 minutes. 
Trimethylsilyl (TMS) derivatized samples 
were analyzed by GCMS with spectral 
confirmation against a library database. 
Quantitation was based on analyte 
specific calibrations using standards 
prepared at known concentrations. Low 
and high controls were prepared using 
pooled urine and standard-spiked urine, 
respectively.
	 Mycotoxin analysis. Samples were 
prepared as seen in De Santes et al.39 
	 Statistical analyses. For the GC/MS 
and LC/MS/MS biomarker tests, t test 
with Bonferroni multiple comparisons 
test was performed to compare the 
results between the mold-exposed 
group and the control group. All analyses 
were performed with Prism version 
6.07 software (GraphPad Software, La 
Jolla, CA, USA). A value of p< 0.05 was 
considered statistically significant. 
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