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Abstract

Background: Crohn’s disease is a chronic inflammatory disorder of the gastrointestinal tract associated with
abdominal pain and diarrhea. Pain caused by Crohn’s disease likely involves neurogenic inflammation which seems
to involve the ion channel transient receptor potential ankyrin 1 (TRPA1). Since the promoter methylation of TRPA1
was shown to influence pain sensitivity, we asked if the expression of TRPA1 is dysregulated in patients suffering
from Crohn’s disease.
The methylation rates of CpG dinucleotides in the TRPA1 promoter region were determined from DNA derived
from whole blood samples of Crohn patients and healthy participants. Quantitative sensory testing was used to
examine pain sensitivities.

Results: Pressure pain thresholds were lower in Crohn patients as compared to healthy participants, and they were
also lower in females than in males. They correlated inversely with the methylation rate at the CpG − 628 site of the
TRPA1 promoter. This effect was more pronounced in female compared to male Crohn patients. Similar results were
found for mechanical pain thresholds. Furthermore, age-dependent effects were detected. Whereas the CpG − 628
methylation rate declined with age in healthy participants, the methylation rate in Crohn patients increased.
Pressure pain thresholds increased with age in both cohorts.

Conclusions: The TRPA1 promoter methylation appears to be dysregulated in patients suffering from Crohn’s
disease, and this effect is most obvious when taking gender and age into account. As TRPA1 is regarded to be
involved in pain caused by neurogenic inflammation, its aberrant expression may contribute to typical symptoms of
Crohn’s disease.
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Background
Inflammatory bowel diseases (IBD) including Crohn’s
disease and ulcerative colitis are chronic inflammatory
disorders of the gastrointestinal tract resulting from
multiple factors that seem to trigger an abnormal activa-
tion of the mucosal immune system through commensal
microflora. Studies employing animal models on IBD
reported that sensory neurons innervating the

gastrointestinal tract are likely to be involved in these
disorders [1–10]. Activation of sensory neurons results
in a release of neuropeptides, including calcitonin gene-
related peptide (CGRP) and substance P (SP). Both these
peptides induce several effects including vasodilation, an
autocrine sensitization of sensory neurons, extravasation
and activation of immune cells [6]. Thus, neuropeptide-
induced effects seem to very well correlate with the clin-
ical symptoms of IBD. Certain members of the transient
receptor potential (TRP) ion channels, which are
expressed in sensory neurons, have been shown to con-
tribute to IBD-like symptoms [1, 3, 4] or colonic disten-
sion pain [11] in rodent models. TRP channels are
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activated by a wide range of chemical compounds,
among them, some possess mechano- or thermosensitiv-
ity [12]. Substances, which are associated with TRPA1
activation, are isothiocyanates from mustard oil, wasabi,
and horseradish, Δ(9)-tetrahydrocannabinol from
marijuana, allicin from garlic, cinnamaldehyde from cin-
namon oil, as well as reactive oxygen species and others
[13–16]. TRPA1 possesses a species-dependent thermo-
sensitivity [17–20], and a recent study suggests that, at
least in humans, the channel is able to respond to both
cold and heat [21]. Furthermore, in mice, TRPA1 was
shown to be mechanosensitive [22–27], which correlates
with studies on human volunteers showing that TRPA1
agonists are able to induce mechanical hypersensitivity
when applied on the skin [28]. The TRPA1 agonist
TNBS (2,4,6-trinitrobenzene-sulfonic-acid), used for in-
duction of colitis, caused IBD-like symptoms in mice
due to a release of SP and CGRP [3]. Also in patients
suffering from IBD, an increase in SP was observed [29].
Similarly, previous studies demonstrated that the
TRPA1-agonists isothiocyanate and formalin also induce
colitis in rodents [30, 31]. Although wild-type mice do
not spontaneously develop intestinal inflammation as
humans do [32] and the available animal models of IBD
do not fully resemble the human condition [33], the
symptoms and morphology induced by the TRPA1 ago-
nists coincide very well with human IBD. Given the fact
that there are several frequently used models based on
TRPA1 agonists causing an IBD-like morphology in
mice, this ion channel could be involved in the develop-
ment of IBD in humans as well. In human colon samples
from patients suffering from ulcerative colitis or Crohn’s
disease, TRPA1 was found to be strongly upregulated
[34], suggesting dysregulation of TRPA1-expression to

possibly contribute to the development, maintenance, or
typical symptoms of IBD.
TRPA1 was demonstrated to mediate pain-like behav-

ior in rodent models of visceral pain, and also visceral
hyperalgesia developing in models of IBD was reported
to be mediated by TRPA1 [30, 35–38]. There is little
doubt that TRPA1 is an important determinant of pain
sensitivity in humans, as well. A rare hereditary gain-of-
function mutation is associated with an intensive pain
phenotype [39], and a SNP (single-nucleotide poly-
morphism) in the TRPA1 gene was reported to be asso-
ciated with paradoxical heat sensations in neuropathic
pain patients [40]. Here, we refer to the relevance of the
epigenetic regulation of TRPA1. The promoter methyla-
tion of TRPA1 was initially reported to be strongly asso-
ciated with thermal pain thresholds [41]. We and others
could demonstrate that the methylation rate of the
TRPA1 promoter also seems to predict pressure pain
thresholds in healthy individuals as well as neuropathic
pain symptoms in patients suffering from chronic pain
[42, 43]. Hypothesizing that the previously reported ele-
vated expression of TRPA1 in individuals suffering from
Crohn’s disease might be due to epigenetic regulation,
we used DNA from whole blood of Crohn patients and
healthy participants to analyze the methylation status of
individual CpG sites in the TRPA1 promoter with regard
to pain sensitivity.

Results
Quantitative sensory testing and postoperative morphine
consumption in Crohn patients
Mean values for QST parameters and postoperative
morphine consumption of female and male Crohn pa-
tients are shown in Table 1. Deviance from normal

Table 1 Patient-controlled analgesia and quantitative sensory testing in Crohn patients

Female Male p value

PCA (morphine mg/kg/h) 0.05 ± 0.03 0.04 ± 0.02 0.489

CDT (°C, difference from 32 °C baseline) − 1.6 ± 1.1 − 1.6 ± 1.6 0.479

WDT (°C, difference from 32 °C baseline) 2.1 ± 1.2 2.9 ± 2.1 0.337

CPT (°C, difference from 32 °C baseline) − 17.1 ± 7.8 − 15.1 ± 8.7 0.515

HPT (°C, difference from 32 °C baseline) 41.4 ± 3.4 43.9 ± 4.1 0.020*

MDT (mN) 1.6 ± 4.5 1.0 ± 1.0 0.399

MPT (mN) 261.7 ± 236.5 231.4 ± 188.5 0.913

MPS (rating 0–100) 0.8 ± 0.9 0.9 ± 1.1 0.808

WUR (ratio) 3.0 ± 2.4 2.7 ± 2.8 0.483

VDT (x/8) 7.7 ± 0.4 7.4 ± 0.7 0.243

PPT (N) 40.6 ± 17.9 53.9 ± 22.9 0.039*

All data are presented as mean ± SD.
PCA patient-controlled analgesia, CDT cold detection threshold, WDT warm detection threshold, CPT cold pain threshold, HPT heat pain threshold, MDT mechanical
detection threshold, MPT mechanical pain threshold, MPS mechanical pain sensitivity, WUR wind-up ratio, VDT vibration detection threshold, PPT pressure
pain threshold
*p < 0.05
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distribution was checked according to Shapiro-Wilk.
HPT was shown to be the only normally distributed
variable of the QST data (P = 0.052). Comparison be-
tween female and male Crohn patients by calculation
with Mann-Whitney U test (random sample selection)
revealed only significant differences for HPT (P = 0.020)
and PPT (P = 0.039), with females showing lower thresh-
olds as compared to males.

Comparison of the pressure pain thresholds in healthy
participants as compared to Crohn patients
The measurement of PPT via algometer revealed signifi-
cant differences between healthy participants and Crohn
patients (Mann-Whitney U, p < 0.001, Fig. 1). Healthy
participants, as well as Crohn patients, showed significant
differences between female and male in regard to the PPT
(Mann-Whitney U, healthy participants: p < 0.001, Crohn
patients p = 0.039). The mean PPT in healthy subjects was
73.2 N for females and 104.1 N for males, and the corre-
sponding values in Crohn patients were significantly lower
with 40.6 N for females and 53.9 N for males.

Association between CpG − 628 methylation rate and
pressure pain threshold in healthy participants and Crohn
patients
As separate analyses of the single CpGs and QST, as
well as PCA parameter interactions, led to inconclusive
results, we decided to perform a more in-depth analysis

only of CpG − 628 methylation with respect to PPT in
Crohn patients, since previous studies showed a super-
ordinate role for this specific CpG site on pain thresh-
olds of healthy individuals [41, 42].
Unfortunately, PPT was the only QST parameter mea-

sured in both cohorts, enabling a comparison between
healthy subjects and Crohn patients. The linear associ-
ation between CpG − 628 methylation and PPT is illus-
trated in Fig. 2. Scatter plots for healthy participants and
Crohn patients are separated into genders. The higher
the CpG − 628 methylation ratio, the lower is the PPT in
both cohorts. Whereas the calculation of the linear re-
gression reveals similar results between healthy males
(R2 = 0.057) and females (R2 = 0.050), the corresponding
linear regression for Crohn patients reveals a strong pre-
dictive potential for female (R2 = 0.250) as compared to
male patients (R2 = 0.008) as well as to the healthy vol-
unteer group.

Association between CpG − 628 methylation rate and
other QST, PCA, demographic, and disease-associated
parameters in Crohn patients
We next calculated a stepwise multiple linear regression
of Crohn patient data using the BACKWARD method.
We included age, gender, and CpG − 628 methylation as
predictors and separately for each analysis values for
PCA and QST (Table 1) as well as demographic and dis-
ease-associated data (Table 2) as the dependent variable.
We found CpG − 628 to be a significant predictor for the
dependent variables PPT, MPT, and BMI. Scatter plots for
PPT and MPT are shown in Figs. 2 and 3. Pain thresholds
are lower with higher methylation rates, and this effect is
stronger pronounced in female as compared to male pa-
tients. The best-fitting model for PPT (R2 = 0.187, R2corr =
0.155, F(2) = 5.970, p = 0.005) included gender and CpG −
628 methylation as significant predictors (gender β =
0.308, T = 2.464, p = 0.017, CpG − 628 methylation β = −
0.296, T = − 2.365, p = 0.022). In case of MPT, the best fit-
ting model (R2 = 0.100, R2corr = 0.066, F(2) = 2.901, p =
0.064) included only CpG − 628 methylation as significant
predictor (β = − 0.286, T = − 2.089, p = 0.042). Calculation
of the linear regression of the MPT reveals differences be-
tween female (R2 = 0.122) and male patients (R2 = 0.006).
The predictor age did not reach significance level (β =
0.238, T = 1.734, P = 0.089). To analyze if the observed ef-
fect of BMI is gender-related, we calculated a regression
separately for both genders, including age, CpG − 628
methylation and BMI as predictors and PPT as the
dependent variable. CpG − 628 methylation in female sub-
jects was found to be the only significant predictor for
PPT (β = − 0.533, T = − 2.722, P = 0.012). When calculat-
ing a stepwise multiple linear regression (using the BACK-
WARD method) with the same predictors and dependent
variable, the best fitting model for female patients for PPT

Fig. 1 Pressure pain threshold of healthy participants and Crohn
patients. PPT varies significantly between cohorts and is lower for
females than for males. Error bars are presented as 95% CI. Significant
differences between cohorts (Mann-Whitney U, p < 0.001), significant
differences between genders within cohorts (Mann-Whitney U, healthy
participants p < 0.001, Crohn patients p = 0.039)
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(R2 = 0.312, R2
corr = 0.257, F(2) = 5.676, p = 0.009) in-

cluded only CpG − 628 methylation as significant pre-
dictor (β = − 0.561, T = − 3.249, p = 0.003). Again, the
predictor age did not reach the significance level (β =
0.305, T = 1.763, P = 0.090). For male patients, none
of the predictors was significant. Therefore, BMI was
not considered a relevant factor, but rather a gender-
related side effect.

Age-related effects of CpG − 628 methylation rate and
pressure pain threshold in healthy participants and Crohn
patients
We next investigated age-related effects and found op-
positional results for CpG − 628 methylation in healthy
subjects and Crohn patients (Fig. 4a). Whereas in
healthy subjects, the methylation rate decreases with age
(R2 = 0.183), it increases in Crohn patients (R2 = 0.078).

In contrast, PPTs seem to be unaffected by this circum-
stance (Fig. 4b, healthy participants R2 = 0.023, Crohn
patients R2 = 0.019).

Discussion
Several studies are dealing with genetic factors contrib-
uting to the susceptibility of IBD and additional environ-
mental factors triggering the onset of the respective
disease [44]. A familial aggregation has been observed
[45], and 242 IBD risk loci have been identified so far
[46], among them 38 displaying a shared genetic risk
across populations [47]. In contrast to genetic factors,
little is known about epigenetic alterations in Crohn’s
disease. As reviewed by Moret-Tatay et al. [48], some
microRNAs could possibly be used as biomarkers for
Crohn’s disease in the blood of patients [49, 50]. More-
over, the DNA methylation pattern was shown to be

Fig. 2 Correlation between CpG − 628 methylation and pressure pain threshold. PPT is lower with higher methylation rates. a Healthy participants;
linear regression shows no difference between genders (males R2 = 0.057, females R2 = 0.050). b Crohn patients; linear regression shows large
differences between genders (males R2 = 0.008, females R2 = 0.250)

Table 2 Demographic and disease-associated parameters for Crohn patients and healthy volunteers

Collective Crohn patients (n = 55) Healthy volunteers (n = 75)

Gender Female (n = 29) Male (n = 26) Female (n = 42) Male (n = 33)

Mean age (years) 37.1 ± 13.0 42.7 ± 13.6 34.2 ± 14.3 32.8 ± 13.6

Disease duration (years) 15.5 ± 9.5 12.6 ± 7.8 – –

Extraintestinal manifestations 52% 38% – –

BMI 22.4 ± 4.8 23.1 ± 3.6 – –

All data are presented as mean ± SD or %, respectively
BMI body mass index
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altered in IBD. The promoter region of TRIM39-RPP21,
which regulates the type I interferon pathway and is
therefore important for viral immunity [51], is hypo-
methylated in patients with IBD [52]. In contrast,
TRAF6, mediating signal transduction downstream of
the tumor necrosis factor receptor superfamily and the
interleukin-1 receptor/Toll-like receptor superfamily
[53] is hypermethylated in IBD and seems to correspond
to reduced mRNA expression [52].
In this study, we analyzed the TRPA1 promoter

methylation with regard to pain sensitivity. Evaluation of
patient-controlled analgesia (PCA) and quantitative sen-
sory testing (QST) of Crohn patients revealed significant
differences between genders for heat pain threshold
(HPT) and pressure pain threshold (PPT), with females
showing higher sensitivity than males. Gender-biased
pain thresholds have been indeed reported in several
studies. As mentioned previously [42], gender effects on
pain perception seem to be present after puberty in
healthy individuals [54]. In young adults, females display
higher pain sensitivity than males, regardless of their
ethnicity [55]. Furthermore, females are more likely to
suffer from pain conditions like chronic neuropathic
pain [56]. A quantitative sensory study of adolescents re-
vealed lower pressure pain thresholds and tolerance in
individuals with chronic pain as compared to individuals
without chronic pain; in general, females showed lower
pain thresholds than males [57]. In human endotoxemia,
females also display lower pain thresholds than males

Fig. 3 Association between CpG − 628 methylation rate and the
variable mechanical pain threshold in Crohn patients. In female
patients, MPT is lower with higher methylation rates. In male
patients, it is inappreciably higher (linear regression; males
R2 = 0.006, females R2 = 0.122)

Fig. 4 Age-related alterations in CpG − 628 methylation rate and pressure pain threshold. a In healthy participants, CpG − 628 methylation rate
declines with increasing age. In contrast, it increases in Crohn patients. b PPT rises with increasing age in both cohorts
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[58]. The intestinal permeability is increased in patients
with Crohn’s disease, and the intestinal microflora is al-
tered compared to healthy individuals [59]. Since bacter-
ial lipopolysaccharides activate TRPA1 [60], defects in
the barrier function of the intestinal epithelium could
affect in a subsequent upregulation of TRPA1 expres-
sion. Indeed, TRPA1 mRNA was found to be signifi-
cantly upregulated in response to inflammation in
mouse and human colon. The authors propose a pro-
tective role of TRPA1 since in a murine model for colitis
the disease activity index and the histological score were
lower in TRPA1 expressing mice than in the knockout
mice after 10 days of dextran-sulfate treatment. This the-
ory was further supported by the TRPA1-mediated
downregulation of proinflammatory neuropeptides and
cytokines under these serious inflammatory conditions
[34]. However, the lower pain thresholds observed in fe-
males neither seem to display a Crohn’s disease-specific
effect, nor a disease-specific effect in general. PPT dif-
fered significantly between both cohorts, with Crohn pa-
tients displaying lower thresholds than healthy
participants. We partly used PPT data of the same sub-
jects analyzed in previous studies [61, 62], which did not
find differences in PPT between Crohn patients and
healthy subjects. These contradictory outcomes are
probably explained by the exclusion of subjects we per-
formed due to missing data and after applying the cri-
teria for data exclusion regarding the methylation values.
Despite this fact, we analyzed these altered cohorts with
regard to their methylation rates in the TRPA1 pro-
moter. Unfortunately, PPT data were the only QST data
measured in healthy subjects. In both cohorts, the
threshold is significantly lower for females than for
males. Crohn patients may exhibit an altered regulation
of pain perception, which can be caused by the inflam-
matory condition itself as well as by the medication
Crohn patients receive. Reactive oxygen species, which
are capable of activating TRPA1 [63], were shown to be
produced in several gastrointestinal diseases, including
Crohn’s disease [64]. In colorectal biopsies, a disease-
related increase in reactive oxygen metabolites was de-
tected [65, 66], as reviewed in [67]. Subsequent lipid per-
oxidation results in the formation of reactive carbonyl
species like 4-hydroxynonenal and 4-oxononenal, which
are able to activate TRPA1 as well [68, 69]. Regarding
colonic distension, the rectal sensory threshold for pain
is lower in children and adolescents with Crohn’s disease
than in healthy controls [70]. On the other hand, in qui-
escent Crohn’s disease, the patients seem to display a
visceral hyposensitivity and higher tolerance of rectal
distension pressures [71]. However, our findings revealed
lower pressure pain thresholds over the thenar muscles
for Crohn patients compared to healthy subjects. When
compared to healthy participants, only small or no

alterations were found in methylation rates at the single
CpG sites of the TRPA1 promoter for Crohn patients.
Due to this fact we concentrated further analyses on
CpG − 628 since this CpG site showed a superordinate
role regarding pain thresholds in healthy individuals in
previous studies [41, 42]. We investigated this specific
CpG site with respect to QST, PCA and other disease-
associated parameters in Crohn patients. The compari-
son between the cohorts revealed differences in CpG −
628 methylation rate with respect to PPT. The higher
the methylation rate, the lower is the PPT in both co-
horts. Concerning gender, we detected differences be-
tween healthy participants and Crohn patients (Fig. 2).
Whereas in the healthy volunteer group, linear regres-
sion showed no differences between males and females,
Crohn patients showed a rather impressive effect in fe-
males as compared to males. Since TRPA1 promoter
methylation seems to have a higher influence on PPT in
female than in male patients, these results might suggest
that different pain treatments for female and male
Crohn patients are reasonable and possible. Hence,
broader studies should be carried out to verify the previ-
ous results in order to specify gender-dependent treat-
ment options. Furthermore, CpG − 628 methylation rate
was found to be a significant predictor not only for PPT
but also for MPT. Similar to PPT, the effect of CpG −
628 methylation rate seems to also have a greater influ-
ence on females than on male patients for this parameter
(Fig. 3). In addition, we detected a significant association
between high CpG − 628 methylation rate and low BMI.
This effect was identified as a gender-related side effect.
However, we did not find a significant connection with
other disease-associated parameters like disease duration
or extraintestinal manifestations.
Aging is known to be a factor influencing the methyla-

tion status. The methylation rate can even be used to pre-
dict the age of different tissues and cell types [72]. We
compared the methylation rate at CpG − 628 between
both cohorts and found contrasting results. Whereas in
healthy participants, the methylation rate decreases with
advancing age, it increases in Crohn patients (Fig. 4a). This
circumstance does not seem to have an influence on the
PPT in any of the two cohorts, as PPT increases with ad-
vancing age (Fig. 4b). Therefore, the methylation mechan-
ism of the TRPA1 promoter seems to be dysregulated in
Crohn patients, either as a cause or a result of the disease.
Another factor could be the treatment with analgesic, im-
munosuppressive and other medication. Morphine was in-
deed shown to modify DNA methylation patterns [73],
and glucocorticoids like dexamethasone may lead to an al-
tered epigenetic regulation as well [74]. In patients suffer-
ing from rheumatoid arthritis, the drug methotrexate
provokes changes in methylation rates [75, 76]. However,
for the parameter disease duration, we could not detect a
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similar connection to CpG − 628 methylation (R2 = 0.001,
data not shown).
A limitation of our study is the usage of DNA from

whole blood cells for methylation analysis. It would have
been more accurate to use TRPA1 expressing nocicep-
tive neurons for methylation and expression analyses,
but due to the inaccessibility of the tissue, we were lim-
ited to blood cells. Although in some cases variations in
DNA methylation have been observed to be tissue-
specific [77], in other cases, methylation patterns are
similar in different tissues [78]. Alterations in the methy-
lation pattern due to inflammation, smoking, consump-
tion of alcohol and drugs, medication, as well as other
factors which were not included in the study could have
biased the results. Especially in patients suffering from
chronic inflammatory disorders like Crohn’s disease, the
treatment with immunomodulatory drugs over several
years could have altered the methylation pattern. The
large discrepancy in medication, disease duration and
extraintestinal manifestations between the Crohn pa-
tients could have led to bias in the analyses. Unfortu-
nately, PPT was the only QST measurement performed
in Crohn patients and healthy controls, enabling a com-
parison of the two groups. Nevertheless, for the patient
group, we were able to analyze several QST and PCA
data with regard to methylation rate, and found CpG −
628 to be a significant predictor only for the dependent
QST variables PPT and MPT. Therefore the remaining
QST variables seem to be of minor relevance. Although
in our study the number of cases analyzed was relatively
low, it provided enough statistical power to reach signifi-
cance level in statistical analyses.

Conclusions
We found lower PPT for Crohn patients than for healthy
participants and detected differences regarding the correl-
ation between CpG − 628 methylation and PPT in the dif-
ferent genders, with a high correlation in female patients
compared to the other groups. In Crohn patients, similar
results were obtained for MPT, confirming the PPT re-
sults. Therefore further investigation of gender-dependent
treatment options should be considered. Since we only
found a significant effect regarding the correlation be-
tween CpG − 628 methylation and PPT in female patients,
other mechanisms have to be involved in the altered pain
perception in Crohn patients. Furthermore, TRPA1 pro-
moter methylation seems to be dysregulated in Crohn pa-
tients in an age-dependent manner.

Methods
Subjects
After approval by the local ethics committee and in-
formed written consent from all volunteers, blood sam-
pling of 75 healthy participants (42 females, 33 males)

and 55 patients suffering from Crohn’s disease (29 fe-
males, 26 males) was conducted at the University of
Erlangen-Nuremberg. In all patients, Crohn’s disease
was histologically proved, they had no history of surgery
within the last 3 months and did currently not take any
pain medication. EDTA-blood was frozen at − 80 °C dir-
ectly after sampling. Characteristics such as gender and
age were documented for all subjects. Disease duration
defined as years between diagnosis and blood sampling,
extraintestinal manifestations, as well as BMI, were doc-
umented additionally for Crohn patients (Table 2). Sam-
ples were not matched for age.

Patient-controlled analgesia
Blood samples were taken prior to surgery. The survey
of patient-controlled analgesia (PCA) was conducted as
described previously [62]. Postoperative morphine re-
quirements were assessed in Crohn patients after major
abdominal surgery. Patients received a fixed dose of
nonsteroidal analgesic and were educated to administer
the morphine themselves via a PCA device. Morphine
consumption was documented for the first 72 h after
surgery. The consumption of morphine was normalized
to body weight and time.

Quantitative sensory testing
Somatosensory profiles in Crohn patients were estimated
via quantitative sensory testing (QST) as described previ-
ously [62], according to the protocol of the German Re-
search Network on Neuropathic Pain [79, 80]. Stimuli,
which were applied to the dorsum of both hands, in-
cluded the following thermal and mechanical tests: to
perform thermal sensory testing a TSA 2001-II thermal
sensory analyzer (Medoc Ltd., Israel) was used. Baseline
temperature was 32 °C and the stimulus was gradually
increased about 1 °C/s until the subject pressed a break-
off button to determine the specific thermal threshold
for cold detection (CDT), warm detection (WDT), cold
pain (CPT), or heat pain (HPT). Temperature thresholds
were assessed as the difference from the baseline value.
Cutoff temperatures were 0 and 50 °C. Mechanical de-
tection thresholds (MDT) were measured using modified
von Frey filaments with forces between 0.25 and 512
mN (Opti Hair, Marstock nervtest, Germany), whereas
mechanical pain thresholds (MPT) were determined
using a set of seven custom-made weighted pinprick
stimulators with fixed stimulus intensities between 8 and
512 mN (Department of Physiology and Pathophysi-
ology, Mainz, Germany)—the final threshold for both
tests was the geometric mean of 5 series of ascending
and descending stimuli [81]. In order to determine
mechanical pain sensitivity (MPS) as a stimulus-
response-function, pinprick stimulators were also used.
Subjects had to rate pain on a numerical scale from 0
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(no pain) to 100 (strongest imaginable pain) while pin-
pricks were applied five times in random order. MPS
was then computed as the mean of pain rating after the
pinprick stimuli. The wind-up ratio (WUR) was calcu-
lated as the mean of five series of 10 repetitive pinprick
stimuli (256 mN, 1/s), divided by the mean rating
after five single stimuli [82]. Over the processus sty-
loideus ulnae determination of vibration detection
threshold (VDT) was performed using a Rydel-Seiffer
tuning fork (64 Hz, 8/8 scale) until the subject could
not feel vibration anymore. VDT was calculated as
the mean of a disappearance threshold with three
stimulus repetitions. Pressure pain thresholds (PPT)
of healthy participants and Crohn patients were mea-
sured by an algometer (FDN 200, Wagner Instru-
ments, Greenwich, CT, USA) with an area of contact
of 1 cm2 over the thenar muscles. PPT was deter-
mined with 3 series of ascending stimulus intensities
until the subjects expressed pain. Mean values were
used for statistical analyses.

DNA isolation and bisulfite reaction
DNA for methylation analysis of both cohorts was ex-
tracted from blood. The cleanup of genomic DNA from
healthy participants was performed using the Nucleo-
Mag® Blood 200 μl DNA Kit (Macherey-Nagel, Düren,
Germany). Genomic DNA from Crohn patients was
extracted according to standard procedures with an au-
tomated chemagic MSM I system (Perkin Elmer,
Baesweiler, Germany). Bisulfite conversion and DNA
purification were conducted via the EpiTect® 96 Bisulfite
Kit (QIAGEN, Hilden, Germany). DNA concentrations
were determined via a Nanodrop 1000 spectrophotom-
eter (VWR, Radnor, PA, USA). A Biomek® NxP

(Beckman Coulter, Brea, CA, USA) was used for pipet-
ting, transferring and purification steps.

Amplification of target sequences
Amplification of TRPA1 promoter target sequences of
the purified bisulfite-converted DNA was conducted in 2
different fragments, as described previously [42]. The
first promoter fragment of TRPA1 was amplified using
the forward primer 5′-GTTTGTATTAGATAGTTT
TTTTGTTTG-3′ and the reverse primer 5′-TCCTAC
AAACCTATATTTCCCAC-3′, the second fragment via
the forward primer 5′-GGGGTAGGGTAAGGGGTT
TT-3′ and the reverse primer 5′-TACACACACCCCAA
AACTTACAAC-3′, using touchdown PCRs [83] with
starting temperatures of 65 °C. Oligonucleotides applied
as primers were ordered from Metabion (Steinkirchen,
Germany), PCRs were performed on a C1000 TM
Thermal Cycler (BIO-RAD, Hercules, CA, USA) using
the HotStarTaq® Master Mix Kit (QIAGEN, Hilden,
Germany).

Sequencing
Amplification products of touchdown PCRs were purified
using the Agencourt® AMPure® XP magnetic beads (Beck-
man Coulter, Brea, CA, USA). Sequencing PCRs of the
target fragments were performed using the Big-Dye® Ter-
minator v3.1 Cycle Sequencing Kit (Applied Biosystems,
Foster City, CA, USA). Oligonucleotides used for sequen-
cing PCR were 5′-GTTTGTATTAGATAGTTTTTTT
GTTTG-3′ (first fragment) and 5′-CTACCCCCAAAA
AAACCTCCAAC-3′ (second fragment). For amplification
of the first fragment, cycling conditions apply as follows:
1 min 96 °C, 28 × (10 s 96 °C, 5 s 50 °C, 4min 60 °C). For
the second fragment, cycling conditions for AT-rich

Fig. 5 Overview of methylation rates for single CpGs. Methylation rates are denoted from 0 up to 100% methylation for each CpG. Methylation rates
between different CpGs show substantial variation. Only slight differences between healthy participants and Crohn patients are distinguishable at
some CpG positions. Boxes were generated for 50% of the occurrence, outliers with values between 1.5 and 3 box lengths distance are depicted as
circles, extremes with more than 3 box lengths distance are represented as stars
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sequences were applied according to manufacturer recom-
mendations: 1 min 96 °C, 26 x (5 s 96 °C, 90 s 60 °C, 90 s
50 °C). The amplified fragments covered 55 CpG sites
within the promoter region of the TRPA1 gene (from −
734 bp to + 335 bp of the first exon). Products of the se-
quencing PCR were purified using Agencourt CleanSeq®
XP magnetic beads (Beckman Coulter, Brea, CA, USA),
afterward sequencing was performed on a 3500XL genetic
analyzer from ABI Life Technologies (Grand Island, NY,
USA) according to the manufacturer’s instructions.

Determination of methylation rates
Sequence analysis and determination of methylation
rates for each CpG site were conducted using the Epi-
genetic Sequencing Methylation (ESME) analysis soft-
ware [84]. The methylation rate of each CpG site per
subject was estimated by the ratio between normalized
peak values of cytosine and thymine.

Statistical analyses
Sequence quality was assessed via Sequence Scanner v1.0
software (ABI Life Technologies, Grand Island, NY, USA).
Only sequences with a Quality Value > 20 for Trace Score
in the Quality Control Report were included for further
analyses (11 of 147 sequences were excluded due to low
quality). All statistical calculations were performed using
the Statistical Package for the Social Sciences (SPSS 24,
IBM, Armonk, NY, USA). We used GraphPad Prism for
Windows 5.03 for data illustration (Graphpad Software
Inc., La Jolla, CA, USA). Single CpGs with less than 95%
sequencing success among the samples were excluded,
which applied to CpG − 161, − 40, and − 38 ahead of the
first exon, as well as CpG + 147, + 333, and + 335 of the
first exon. Samples with less than 95% sequencing success
of overall CpGs, which applied to 6 samples, and CpG sites
with less than 5% inter-individual variability, which applied
to CpG − 480, + 13, + 15, and + 191 were also not further
analyzed. After applying the criteria for data exclusion as
mentioned previously, the remaining number of samples
dropped from 147 (88 healthy participants, 59 Crohn pa-
tients) to 130 (75 healthy participants, 55 Crohn patients),
the number of analyzed CpGs dropped from 55 to 45.
Methylation levels for individual CpG sites are provided in
Fig. 5. No apparent differences in methylation rate at sin-
gle CpG sites between healthy participants and Crohn pa-
tients were visible in this figure at first sight. Deviance
from normal distribution was checked according to
Shapiro-Wilk. In case of normally distributed variables,
parametric methods were used; for all other cases, non-
parametric tests were applied. Multiple linear regression
(BACKWARD method) was conducted to identify signifi-
cant predictors for values of PCA, QST, and demographic
and disease-associated data. In each analysis, a p value of
< 0.05 was considered significant.

Abbreviations
CDT: Cold detection threshold; CGRP: Calcitonin gene-related peptide;
CPT: Cold pain threshold; HPT: Heat pain threshold; IBD: Inflammatory bowel
disease; MDT: Mechanical detection threshold; MPS: Mechanical pain
sensitivity; MPT: Mechanical pain threshold; PCA: Patient-controlled analgesia;
PPT: Pressure pain threshold; QST: Quantitative sensory testing; SNP: Single-
nucleotide polymorphism; SP: Substance P; TNBS: 2,4,6-trinitrobenzene-
sulfonic-acid; TRP: Transient receptor potential; TRPA1: Transient receptor
potential ankyrin 1; VDT: Vibration detection threshold; WDT: Warm detection
threshold; WUR: Wind-up ratio

Acknowledgements
Not applicable.

Authors’ contributions
SG contributed to the collection, analysis, and interpretation of data, figures,
and writing up of the first draft of the paper. MR contributed to the
collection, analysis, and interpretation of data. AW and TM contributed to
the patient recruitment and data collection. TH contributed to the
interpretation of data. AL contributed to the study design. HF contributed to
the study design and data analysis. AL and HF contributed equally. All
authors read and approved the final manuscript.

Funding
No specific funding has been received.

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Ethics approval and consent to participate
Approval by the local ethics committee at the University of Erlangen-
Nuremberg and informed written consent from all volunteers.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Laboratory for Molecular Neuroscience, Department of Psychiatry,
Socialpsychiatry and Psychotherapy, Hannover Medical School,
Feodor-Lynen-Str. 35, 30625 Hannover, Germany. 2Institute of Human
Genetics, Friedrich-Alexander University Erlangen-Nuremberg, Erlangen,
Germany. 3Department of Anesthesiology, Friedrich-Alexander University
Erlangen-Nuremberg, Erlangen, Germany. 4Clinic for Anesthesiology and
Critical Care, Hospital of the Order of St.John of God Regensburg,
Regensburg, Germany. 5Department of Psychiatry and Psychotherapy,
Paracelsus Medical University Nuremberg, Nuremberg, Germany.
6Department of Anesthesiology and Intensive Care Medicine, Hannover
Medical School, Hannover, Germany.

Received: 11 September 2019 Accepted: 16 December 2019

References
1. Engel MA, Khalil M, Mueller-Tribbensee SM, Becker C, Neuhuber WL,

Neurath MF, et al. The proximodistal aggravation of colitis depends on
substance P released from TRPV1-expressing sensory neurons. J
Gastroenterol. 2012;47(3):256–65 Epub 2011/11/15.

2. Engel MA, Khalil M, Siklosi N, Mueller-Tribbensee SM, Neuhuber WL, Neurath
MF, et al. Opposite effects of substance P and calcitonin gene-related
peptide in oxazolone colitis. Dig Liver Dis. 2012;44(1):24–9.

3. Engel MA, Leffler A, Niedermirtl F, Babes A, Zimmermann K, Filipovic MR,
et al. TRPA1 and substance P mediate colitis in mice. Gastroenterology.
2011;141(4):1346–58 Epub 2011/07/19.

4. Fujino K, Takami Y, de la Fuente SG, Ludwig KA, Mantyh CR. Inhibition of
the vanilloid receptor subtype-1 attenuates TNBS-colitis. J Gastrointest Surg.
2004;8(7):842–7 discussion 7-8. Epub 2004/11/09.

Gombert et al. Clinical Epigenetics            (2020) 12:1 Page 9 of 11



5. Gad M, Pedersen AE, Kristensen NN, Fernandez Cde F, Claesson MH.
Blockage of the neurokinin 1 receptor and capsaicin-induced ablation of
the enteric afferent nerves protect SCID mice against T-cell-induced chronic
colitis. Inflamm Bowel Dis. 2009;15(8):1174–82.

6. Holzer P. Implications of tachykinins and calcitonin gene-related peptide in
inflammatory bowel disease. Digestion. 1998;59(4):269–83.

7. Khalil M, Babes A, Lakra R, Forsch S, Reeh PW, Wirtz S, et al. Transient
receptor potential melastatin 8 ion channel in macrophages modulates
colitis through a balance-shift in TNF-alpha and interleukin-10 production.
Mucosal Immunol. 2016;9(6):1500–13.

8. Kihara N, de la Fuente SG, Fujino K, Takahashi T, Pappas TN, Mantyh CR.
Vanilloid receptor-1 containing primary sensory neurones mediate dextran
sulphate sodium induced colitis in rats. Gut. 2003;52(5):713–9.

9. Reinshagen M, Patel A, Sottili M, French S, Sternini C, Eysselein VE. Action of
sensory neurons in an experimental at colitis model of injury and repair. Am
J Phys. 1996;270(1 Pt 1):G79–86.

10. Reinshagen M, Patel A, Sottili M, Nast C, Davis W, Mueller K, et al. Protective
function of extrinsic sensory neurons in acute rabbit experimental colitis.
Gastroenterology. 1994;106(5):1208–14.

11. Mueller-Tribbensee SM, Karna M, Khalil M, Neurath MF, Reeh PW, Engel MA.
Differential contribution of TRPA1, TRPV4 and TRPM8 to colonic nociception
in mice. PLoS One. 2015;10(7):e0128242 Epub 2015/07/25.

12. Basbaum AI, Bautista DM, Scherrer G, Julius D. Cellular and molecular
mechanisms of pain. Cell. 2009;139(2):267–84 Epub 2009/10/20.

13. Bandell M, Story GM, Hwang SW, Viswanath V, Eid SR, Petrus MJ, et al.
Noxious cold ion channel TRPA1 is activated by pungent compounds and
bradykinin. Neuron. 2004;41(6):849–57 Epub 2004/03/30.

14. Jordt SE, Bautista DM, Chuang HH, McKemy DD, Zygmunt PM,
Hogestatt ED, et al. Mustard oils and cannabinoids excite sensory nerve
fibres through the TRP channel ANKTM1. Nature. 2004;427(6971):260–5
Epub 2004/01/09.

15. Macpherson LJ, Geierstanger BH, Viswanath V, Bandell M, Eid SR, Hwang S,
et al. The pungency of garlic: activation of TRPA1 and TRPV1 in response to
allicin. Curr Biol. 2005;15(10):929–34 Epub 2005/05/27.

16. Sawada Y, Hosokawa H, Matsumura K, Kobayashi S. Activation of transient
receptor potential ankyrin 1 by hydrogen peroxide. Eur J Neurosci. 2008;
27(5):1131–42 Epub 2008/03/28.

17. Viswanath V, Story GM, Peier AM, Petrus MJ, Lee VM, Hwang SW, et al.
Opposite thermosensor in fruitfly and mouse. Nature. 2003;423(6942):822–3
Epub 2003/06/20.

18. Rosenzweig M, Brennan KM, Tayler TD, Phelps PO, Patapoutian A, Garrity PA.
The Drosophila ortholog of vertebrate TRPA1 regulates thermotaxis. Genes
Dev. 2005;19(4):419–24 Epub 2005/02/01.

19. Gracheva EO, Ingolia NT, Kelly YM, Cordero-Morales JF, Hollopeter G, Chesler
AT, et al. Molecular basis of infrared detection by snakes. Nature. 2010;
464(7291):1006–11 Epub 2010/03/17.

20. Chen J, Kang D, Xu J, Lake M, Hogan JO, Sun C, et al. Species differences
and molecular determinant of TRPA1 cold sensitivity. Nat Commun. 2013;4:
2501 Epub 2013/09/28.

21. Moparthi L, Kichko TI, Eberhardt M, Hogestatt ED, Kjellbom P, Johanson U,
et al. Human TRPA1 is a heat sensor displaying intrinsic U-shaped
thermosensitivity. Sci Rep. 2016;6:28763 Epub 2016/06/29.

22. Brierley SM, Hughes PA, Page AJ, Kwan KY, Martin CM, O'Donnell TA, et al.
The ion channel TRPA1 is required for normal mechanosensation and is
modulated by algesic stimuli. Gastroenterology. 2009;137(6):2084–95 e3.
Epub 2009/07/28.

23. Kwan KY, Allchorne AJ, Vollrath MA, Christensen AP, Zhang DS, Woolf CJ,
et al. TRPA1 contributes to cold, mechanical, and chemical nociception but
is not essential for hair-cell transduction. Neuron. 2006;50(2):277–89 Epub
2006/04/25.

24. Kerstein PC, del Camino D, Moran MM, Stucky CL. Pharmacological
blockade of TRPA1 inhibits mechanical firing in nociceptors. Mol Pain. 2009;
5:19 Epub 2009/04/23.

25. Kwan KY, Glazer JM, Corey DP, Rice FL, Stucky CL. TRPA1 modulates
mechanotransduction in cutaneous sensory neurons. J Neurosci. 2009;
29(15):4808–19 Epub 2009/04/17.

26. Lennertz RC, Kossyreva EA, Smith AK, Stucky CL. TRPA1 mediates
mechanical sensitization in nociceptors during inflammation. PLoS One.
2012;7(8):e43597 Epub 2012/08/29.

27. Brierley SM, Castro J, Harrington AM, Hughes PA, Page AJ, Rychkov GY, et al.
TRPA1 contributes to specific mechanically activated currents and sensory

neuron mechanical hypersensitivity. J Physiol. 2011;589(Pt 14):3575–93 Epub
2011/05/12.

28. Namer B, Seifert F, Handwerker HO, Maihofner C. TRPA1 and TRPM8
activation in humans: effects of cinnamaldehyde and menthol. Neuroreport.
2005;16(9):955–9 Epub 2005/06/03.

29. de Fontgalland D, Brookes SJ, Gibbins I, Sia TC, Wattchow DA. The
neurochemical changes in the innervation of human colonic mesenteric
and submucosal blood vessels in ulcerative colitis and Crohn's disease.
Neurogastroenterol Motil. 2014;26(5):731–44 Epub 2014/03/07.

30. Laird JM, Martinez-Caro L, Garcia-Nicas E, Cervero F. A new model of visceral
pain and referred hyperalgesia in the mouse. Pain. 2001;92(3):335–42.

31. Miampamba M, Chery-Croze S, Detolle-Sarbach S, Guez D, Chayvialle JA.
Antinociceptive effects of oral clonidine and S12813-4 in acute colon
inflammation in rats. Eur J Pharmacol. 1996;308(3):251–9.

32. Martin R, Chain F, Miquel S, Motta JP, Vergnolle N, Sokol H, et al. Using
murine colitis models to analyze probiotics-host interactions. FEMS
Microbiol Rev. 2017;41(Supp_1):S49–70 Epub 2017/08/24.

33. Kiesler P, Fuss IJ, Strober W. Experimental models of inflammatory bowel
diseases. Cell Mol Gastroenterol Hepatol. 2015;1(2):154–70 Epub 2015/05/23.

34. Kun J, Szitter I, Kemeny A, Perkecz A, Kereskai L, Pohoczky K, et al.
Upregulation of the transient receptor potential ankyrin 1 ion channel in
the inflamed human and mouse colon and its protective roles. PLoS One.
2014;9(9):e108164.

35. Balemans D, Boeckxstaens GE, Talavera K, Wouters MM. Transient receptor
potential ion channel function in sensory transduction and cellular signaling
cascades underlying visceral hypersensitivity. Am J Physiol Gastrointest Liver
Physiol. 2017;312(6):G635–G48.

36. Cattaruzza F, Spreadbury I, Miranda-Morales M, Grady EF, Vanner S, Bunnett
NW. Transient receptor potential ankyrin-1 has a major role in mediating
visceral pain in mice. Am J Physiol Gastrointest Liver Physiol. 2010;298(1):
G81–91 Epub 2009/10/31.

37. Kondo T, Obata K, Miyoshi K, Sakurai J, Tanaka J, Miwa H, et al. Transient
receptor potential A1 mediates gastric distention-induced visceral pain in
rats. Gut. 2009;58(10):1342–52.

38. Lapointe TK, Altier C. The role of TRPA1 in visceral inflammation and pain.
Channels (Austin). 2011;5(6):525–9.

39. Kremeyer B, Lopera F, Cox JJ, Momin A, Rugiero F, Marsh S, et al. A gain-of-
function mutation in TRPA1 causes familial episodic pain syndrome. Neuron.
2010;66(5):671–80.

40. May D, Baastrup J, Nientit MR, Binder A, Schunke M, Baron R, et al. Differential
expression and functionality of TRPA1 protein genetic variants in conditions of
thermal stimulation. J Biol Chem. 2012;287(32):27087–94 Epub 2012/06/06.

41. Bell JT, Loomis AK, Butcher LM, Gao F, Zhang B, Hyde CL, et al. Differential
methylation of the TRPA1 promoter in pain sensitivity. Nat Commun. 2014;
5:2978 Epub 2014/02/06.

42. Gombert S, Rhein M, Eberhardt M, Munster T, Bleich S, Leffler A, et al.
Epigenetic divergence in the TRPA1 promoter correlates with pressure
pain thresholds in healthy individuals. Pain. 2017;158(4):698–704 Epub
2016/12/29.

43. Sukenaga N, Ikeda-Miyagawa Y, Tanada D, Tunetoh T, Nakano S, Inui T, et al.
Correlation between DNA methylation of TRPA1 and chronic pain states in
human whole blood cells. Pain Med. 2016;17(10):1906–10.

44. Podolsky DK. Inflammatory bowel disease. N Engl J Med. 2002;347(6):417–29
Epub 2002/08/09.

45. Orholm M, Munkholm P, Langholz E, Nielsen OH, Sorensen TI, Binder V.
Familial occurrence of inflammatory bowel disease. N Engl J Med. 1991;
324(2):84–8 Epub 1991/01/10.

46. Mirkov MU, Verstockt B, Cleynen I. Genetics of inflammatory bowel
disease: beyond NOD2. Lancet Gastroenterol Hepatol. 2017;2(3):224–34
Epub 2017/04/14.

47. Liu JZ, van Sommeren S, Huang H, Ng SC, Alberts R, Takahashi A, et al.
Association analyses identify 38 susceptibility loci for inflammatory bowel
disease and highlight shared genetic risk across populations. Nat Genet.
2015;47(9):979–86 Epub 2015/07/21.

48. Moret-Tatay I, Iborra M, Cerrillo E, Tortosa L, Nos P, Beltran B. Possible
biomarkers in blood for Crohn’s disease: oxidative stress and microRNAs-
current evidences and further aspects to unravel. Oxidative Med Cell
Longev. 2016;2016:2325162 Epub 2016/01/30.

49. Wu F, Guo NJ, Tian H, Marohn M, Gearhart S, Bayless TM, et al. Peripheral
blood microRNAs distinguish active ulcerative colitis and Crohn's disease.
Inflamm Bowel Dis. 2011;17(1):241–50 Epub 2010/09/03.

Gombert et al. Clinical Epigenetics            (2020) 12:1 Page 10 of 11



50. Paraskevi A, Theodoropoulos G, Papaconstantinou I, Mantzaris G, Nikiteas N,
Gazouli M. Circulating MicroRNA in inflammatory bowel disease. J Crohns
Colitis. 2012;6(9):900–4 Epub 2012/03/06.

51. Kurata R, Tajima A, Yonezawa T, Inoko H. TRIM39R, but not TRIM39B,
regulates type I interferon response. Biochem Biophys Res Commun. 2013;
436(1):90–5 Epub 2013/05/28.

52. McDermott E, Ryan EJ, Tosetto M, Gibson D, Burrage J, Keegan D, et al.
DNA methylation profiling in inflammatory bowel disease provides new
insights into disease pathogenesis. J Crohns Colitis. 2016;10(1):77–86
Epub 2015/10/01.

53. Wu H, Arron JR. TRAF6, a molecular bridge spanning adaptive immunity,
innate immunity and osteoimmunology. Bioessays. 2003;25(11):1096–105
Epub 2003/10/28.

54. Blankenburg M, Meyer D, Hirschfeld G, Kraemer N, Hechler T, Aksu F, et al.
Developmental and sex differences in somatosensory perception--a
systematic comparison of 7- versus 14-year-olds using quantitative sensory
testing. Pain. 2011;152(11):2625–31 Epub 2011/09/13.

55. Ostrom C, Bair E, Maixner W, Dubner R, Fillingim RB, Ohrbach R, et al.
Demographic predictors of pain sensitivity: results from the OPPERA study. J
Pain. 2017;18(3):295–307 Epub 2016/11/26.

56. Torrance N, Smith BH, Bennett MI, Lee AJ. The epidemiology of chronic pain
of predominantly neuropathic origin. Results from a general population
survey. J Pain. 2006;7(4):281–9 Epub 2006/04/19.

57. Tham SW, Palermo TM, Holley AL, Zhou C, Stubhaug A, Furberg AS,
et al. A population-based study of quantitative sensory testing in
adolescents with and without chronic pain. Pain. 2016;157(12):2807–15
Epub 2016/10/26.

58. Karshikoff B, Lekander M, Soop A, Lindstedt F, Ingvar M, Kosek E, et al.
Modality and sex differences in pain sensitivity during human endotoxemia.
Brain Behav Immun. 2015;46:35–43 Epub 2014/12/09.

59. Alhagamhmad MH, Day AS, Lemberg DA, Leach ST. An overview of the
bacterial contribution to Crohn disease pathogenesis. J Med Microbiol.
2016;65(10):1049–59 Epub 2016/08/10.

60. Meseguer V, Alpizar YA, Luis E, Tajada S, Denlinger B, Fajardo O, et al. TRPA1
channels mediate acute neurogenic inflammation and pain produced by
bacterial endotoxins. Nat Commun. 2014;5:3125 Epub 2014/01/22.

61. Munster T, Eckl S, Leis S, Gohring-Waldeck G, Ihmsen H, Maihofner C.
Characterization of somatosensory profiles in patients with Crohn's disease.
Pain Pract. 2015;15(3):265–71 Epub 2015/01/20.

62. Huehne K, Leis S, Muenster T, Wehrfritz A, Winter S, Maihofner C, et al. High
post surgical opioid requirements in Crohn's disease are not due to a
general change in pain sensitivity. Eur J Pain. 2009;13(10):1036–42 Epub
2009/01/27.

63. Andersson DA, Gentry C, Moss S, Bevan S. Transient receptor potential A1 is
a sensory receptor for multiple products of oxidative stress. J Neurosci.
2008;28(10):2485–94 Epub 2008/03/07.

64. Patlevic P, Vaskova J, Svorc P Jr, Vasko L, Svorc P. Reactive oxygen species
and antioxidant defense in human gastrointestinal diseases. Integr Med Res.
2016;5(4):250–8 Epub 2017/05/04.

65. Simmonds NJ, Allen RE, Stevens TR, Van Someren RN, Blake DR, Rampton
DS. Chemiluminescence assay of mucosal reactive oxygen metabolites in
inflammatory bowel disease. Gastroenterology. 1992;103(1):186–96 Epub
1992/07/01.

66. Keshavarzian A, Sedghi S, Kanofsky J, List T, Robinson C, Ibrahim C, et al.
Excessive production of reactive oxygen metabolites by inflamed colon:
analysis by chemiluminescence probe. Gastroenterology. 1992;103(1):177–85
Epub 1992/07/01.

67. Simmonds NJ, Rampton DS. Inflammatory bowel disease--a radical view.
Gut. 1993;34(7):865–8 Epub 1993/07/01.

68. Trevisani M, Siemens J, Materazzi S, Bautista DM, Nassini R, Campi B, et al. 4-
Hydroxynonenal, an endogenous aldehyde, causes pain and neurogenic
inflammation through activation of the irritant receptor TRPA1. Proc Natl
Acad Sci U S A. 2007;104(33):13519–24 Epub 2007/08/09.

69. Taylor-Clark TE, McAlexander MA, Nassenstein C, Sheardown SA, Wilson
S, Thornton J, et al. Relative contributions of TRPA1 and TRPV1
channels in the activation of vagal bronchopulmonary C-fibres by the
endogenous autacoid 4-oxononenal. J Physiol. 2008;586(14):3447–59
Epub 2008/05/24.

70. Faure C, Giguere L. Functional gastrointestinal disorders and visceral
hypersensitivity in children and adolescents suffering from Crohn's disease.
Inflamm Bowel Dis. 2008;14(11):1569–74 Epub 2008/06/04.

71. Rubio A, Pellissier S, Picot A, Dantzer C, Bonaz B. The link between negative
affect, vagal tone, and visceral sensitivity in quiescent Crohn's disease.
Neurogastroenterol Motil. 2014;26(8):1200–3 Epub 2014/05/28.

72. Horvath S. DNA methylation age of human tissues and cell types. Genome
Biol. 2013;14(10):R115 Epub 2013/10/22.

73. Trivedi M, Shah J, Hodgson N, Byun HM, Deth R. Morphine induces redox-
based changes in global DNA methylation and retrotransposon transcription
by inhibition of excitatory amino acid transporter type 3-mediated cysteine
uptake. Mol Pharmacol. 2014;85(5):747–57 Epub 2014/02/27.

74. Sawamura T, Klengel T, Armario A, Jovanovic T, Norrholm SD, Ressler KJ,
et al. Dexamethasone treatment leads to enhanced fear extinction and
dynamic Fkbp5 regulation in amygdala. Neuropsychopharmacology. 2016;
41(3):832–46 Epub 2015/07/16.

75. de Andres MC, Perez-Pampin E, Calaza M, Santaclara FJ, Ortea I, Gomez-
Reino JJ, et al. Assessment of global DNA methylation in peripheral blood
cell subpopulations of early rheumatoid arthritis before and after
methotrexate. Arthritis Res Ther. 2015;17:233 Epub 2015/09/04.

76. Cribbs AP, Kennedy A, Penn H, Amjadi P, Green P, Read JE, et al.
Methotrexate restores regulatory T cell function through demethylation of
the FoxP3 upstream enhancer in patients with rheumatoid arthritis. Arthritis
Rheumatol. 2015;67(5):1182–92 Epub 2015/01/22.

77. Jiang R, Jones MJ, Chen E, Neumann SM, Fraser HB, Miller GE, et al.
Discordance of DNA methylation variance between two accessible human
tissues. Sci Rep. 2015;5:8257 Epub 2015/02/11.

78. Davies MN, Volta M, Pidsley R, Lunnon K, Dixit A, Lovestone S, et al.
Functional annotation of the human brain methylome identifies tissue-
specific epigenetic variation across brain and blood. Genome Biol. 2012;
13(6):R43 Epub 2012/06/19.

79. Rolke R, Magerl W, Campbell KA, Schalber C, Caspari S, Birklein F, et al.
Quantitative sensory testing: a comprehensive protocol for clinical trials. Eur
J Pain. 2006;10(1):77–88 Epub 2005/11/18.

80. Rolke R, Baron R, Maier C, Tolle TR, Treede RD, Beyer A, et al. Quantitative
sensory testing in the German research network on neuropathic pain
(DFNS): standardized protocol and reference values. Pain. 2006;123(3):231–
43 Epub 2006/05/16.

81. Baumgartner U, Magerl W, Klein T, Hopf HC, Treede RD. Neurogenic
hyperalgesia versus painful hypoalgesia: two distinct mechanisms of
neuropathic pain. Pain. 2002;96(1–2):141–51 Epub 2002/04/05.

82. Sieweke N, Birklein F, Riedl B, Neundorfer B, Handwerker HO. Patterns of
hyperalgesia in complex regional pain syndrome. Pain. 1999;80(1–2):171–7
Epub 1999/04/16.

83. Korbie DJ, Mattick JS. Touchdown PCR for increased specificity and sensitivity
in PCR amplification. Nat Protoc. 2008;3(9):1452–6 Epub 2008/09/06.

84. Lewin J, Schmitt AO, Adorjan P, Hildmann T, Piepenbrock C. Quantitative
DNA methylation analysis based on four-dye trace data from direct
sequencing of PCR amplificates. Bioinformatics. 2004;20(17):3005–12 Epub
2004/07/13.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Gombert et al. Clinical Epigenetics            (2020) 12:1 Page 11 of 11


	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	Quantitative sensory testing and postoperative morphine consumption in Crohn patients
	Comparison of the pressure pain thresholds in healthy participants as compared to Crohn patients
	Association between CpG − 628 methylation rate and pressure pain threshold in healthy participants and Crohn patients
	Association between CpG − 628 methylation rate and other QST, PCA, demographic, and disease-associated parameters in Crohn patients
	Age-related effects of CpG − 628 methylation rate and pressure pain threshold in healthy participants and Crohn patients

	Discussion
	Conclusions
	Methods
	Subjects
	Patient-controlled analgesia
	Quantitative sensory testing
	DNA isolation and bisulfite reaction
	Amplification of target sequences
	Sequencing
	Determination of methylation rates
	Statistical analyses
	Abbreviations

	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

