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Abstract
Background: Human data supporting a role for endoplasmic reticulum (ER) stress and calcium dyshomeostasis in
diabetes is scarce. Darier disease (DD) is a hereditary skin disease caused by mutations in the ATP2A2 gene encoding
the sarcoendoplasmic-reticulum ATPase 2 (SERCA2) calcium pump, which causes calcium dyshomeostasis and ER
stress. We hypothesize that DD patients have a diabetes-like metabolic phenotype and the objective of this study was
to examine the association between DD with impaired glucose tolerance and diabetes.
Methods: Cross-sectional clinical study on 25 DD patients and 25 matched controls. Metabolic status was assessed
primarily by fasting blood glucose, oral glucose tolerance test, HOMA2-%S (insulin resistence) and HOMA2-%B (beta
cell function).
Results: DD subjects showed normal oral glucose tolerance test and HOMA2-%S, while fasting blood glucose was
lower and c-peptide as well as HOMA2-%B was higher.
Conclusion: Increased HOMA2-%B values are indicative of increased basal insulin secretion which is a type of beta
cell dysfunction associated to diabetes development. These results supports a role of ER stress in diabetes pathophysi‑
ology and contribute to the understanding of DD as a multi-organ syndrome.
Keywords: Darier disease, Diabetes, Endoplasmic reticulum, Calcium, ER stress, Glucose, Insulin, Sarcoendoplasmicreticulum ATPase 2 (SERCA2)
Background
Endoplasmic reticulum (ER) stress is a condition where
an insult disrupts ER homeostasis and leads to accumulation of misfolded and unfolded proteins, which may lead
to cellular dysfunction and even apoptosis [1]. In recent
years, ER stress has been implicated in the pathophysiology of various diseases including diabetes, where it is
involved in beta cell dysfunction [2]. Yet, while there are
plenty of animal studies, few if any, human studies have
examined if primary ER stress conditions are associated
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with impaired glucose metabolism per se. Darier disease
(DD) is a hereditary skin condition caused by mutations
in the ATP2A2 gene encoding the sarco-endoplasmic
reticulum ATPase 2 (SERCA2) calcium pump, which
causes calcium dyshomeostasis and ER stress. Herein we
examined the glucose metabolism of a previously genetically defined cohort of DD patients [3].

Methods and results
We included 25 patients with DD and 25 healthy volunteers matched by age, gender and body mass index
(BMI). Age matching was done in ± 5-year intervals and
BMI was matched according to four categories: < 18.5,
18.5–24.99, 25–29.99 and > 30. Inclusion criteria were
phenotype-positive individuals with histopathologyverified DD or phenotype-positive individuals with
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family history of DD. Exclusion criteria were pregnancy,
oral corticosteroids, recent acute illness (past 4 weeks),
active substance abuse, or severe kidney or liver disease. All patients, but one, were previously tested for
ATP2A2 mutations [3]. Since acitretin has a half-life of
approximately 50 h and is known to alter glucose tolerance, subjects on oral acitretin treatment implemented a
7-day washout period before the visit; a longer washout
was not considered ethical. An OGTT (75 g glucose) was
performed in the morning after an overnight fast and in
addition to glucose hemoglobin A1c (HbA1c), c-peptide,
insulin, proinsulin was measured. Definitions of prediabetes and diabetes were made according to WHO guidelines. One control with diagnosed diabetes was excluded
from OGTT in order to avoid the side effects of discontinuing diabetes medications. The Homeostasis Model
Assessment (HOMA) is a computer model for assessing
beta cell function (%B) and insulin resistance (insulin
sensitivity, %S) from basal (fasting) glucose and insulin or
c-peptide concentrations as percentages of a normal reference population and was used to assess %B and %S. DD
subjects showed normal fasting glucose, oral glucose tolerance, proinsulin: insulin ratio, c-peptide, and HOMA2%S, while HOMA2-%B was significantly higher (Table 1).
To assess the potential effects of oral acitretin treatment

on glucose homeostasis due to the possibility of low drug
levels remaining as well as mutations, DD patients were
sub-grouped into acitretin treated vs. not acitretin and
pathogenic vs. benign mutations; however, no significant
differences were observed (Table 2).

Discussion
SERCA2 heterozygous mice show impaired cytosolic
Ca2+, impaired insulin secretion and susceptibility to
diet-induced diabetes [4]. Contrary to expectations, DD
patients showed increased HOMA2-%B values, indicative of increased basal insulin secretion. This may be
considered a type of dysfunction as increased basal insulin secretion values are associated with a worse clinical
and metabolic phenotype in adults and adolescents and
predicts deterioration of glucose control over time and
thus type 2 diabetes [5]. HOMA2-%B values are shown
to increase between 3–4 years prior to type 2 diabetes
diagnosis, after which they steadily decrease until diagnosis [6]. Moreover, these data are supported by basic
studies that showed thapsigargin induced SERCA2 dysfunction increased insulin secretion in vitro [7]. Taken
together, the data indicates that DD patients may run a
higher risk of developing diabetes which is supported by
a recent study showing association with type 1 diabetes

Table 1 Baseline characteristics and glucose metabolism
Baseline characteristics

DD patients

n

25

Age (years)

52 ± 13 (27–78)

Male sex
BMI (kg/m2)
Weight (kg)
Height (cm)

10 (40)

28.2 ± 5.3 (18.9–42.3)
81.4 ± 17.8 (54–119)

Control patients

p-value

25
51 ± 13 (27–76)
10 (40)

27.0 ± 5.0 (19.8–38.7)

78.8 ± 18.2 (49.3–117)

0.80#
1.000†
0.45#
0.73#
0.83#

169.6 ± 9.9 (152–193)

170.3 ± 11.5 (48.5–193)
2 (8)

0.417†

DM family history

13 (52)

11 (44)

0.778†

Acitretin treatment

14 (56)

0 (0)

< 0.001†*

Hypertension treatment

3 (12)

4 (16)

1.000†

Dyslipidemia treatment

3 (12)

2 (8)

1.000†

5.6 ± 0.5

0.07#

Current smoker

5 (20)

Glucose metabolism
Fasting plasma glucose (mmol/L)
2-h plasma glucose (mmol/L)
HbA1c (mmol/mol)

5.3 ± 0.4
5.6 ± 1.7

36±4

Beta cell function
Proinsulin/insulin (ratio)
C-peptide (nmol/L)
HOMA2-%S
HOMA2-%B

0.85 ± 0.32
0.8 ± 0.2

79.6 ± 32.7
122.7 ± 27.1

5.7 ± 1.3

0.68#

36 ± 4

0.36#

0.80 ± 0.49

0.19#

94.9 ± 52.4
103.5 ± 22.1

0.53#
0.01#*

0.7 ± 0.2

0.24#

Continuous variables were expressed as mean ± standard deviation (minimum–maximum). Categorical values were expressed as a number (%). Two DD patients were
adopted and heredity was unknown. Due to hemolysis, insulin levels from three DD and one control patient were excluded from the analysis
n, number; DD, Darier disease; BMI, body mass index; DM, diabetes mellitus; HbA1c, hemoglobin A1c
#

Mann–Whitney U Test, †Fisher’s Exact Test, * significant difference after Benjamini–Hochberg correction for multiple comparisons (p ≤ 0.05)
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Table 2 Metabolic parameters in Darier disease patients sub-grouped for acitretin treatment and mutation variant
pathogenicity
DD acitretin

DD no acitretin

14

n
Fasting plasma glucose (mmol/L)
2-h plasma glucose (mmol/L)
HbA1c (mmol/mol)
Proinsulin/insulin (ratio)
C-peptide (nmol/L)
HOMA2-%B

11

5.3 ± 0.3

5.4 ± 0.4

0.12

35 ± 3

37 ± 4

0.62

5.6 ± 2.2
0.85 ± 0.28
0.9 ± 0.2

134.6 ± 29.2
15

n
2-h plasma glucose (mmol/L)
HbA1c (mmol/mol)
Proinsulin/insulin (ratio)
C-peptide (nmol/L)
HOMA2-%B

5.6 ± 0.6

0.76

0.94 ± 0.41

0.63

107.6±14.1

< 0.01*

Benign mutation variant

p-value#

0.7±0.2

Pathogenic mutation variant

Fasting plasma glucose (mmol/L)

p-value#

0.05*

9

5.2 ± 0.3

5.5 ± 0.4

0.04*

37 ± 4

34 ± 2

0.02*

0.8 ± 0.2

0.55

5.6 ± 2.1
0.87 ± 0.30
0.8 ± 0.2

128.1 ± 30.0

5.8 ± 1.0

0.77

0.83 ± 0.35

0.62

115.4 ± 21.0

0.40

Note that ATP2A2 mutation variant pathogenicity was previously determined by in silico prediction programmes [3]. Continuous variables were expressed as
mean ± standard deviation (minimum–maximum)
n, number; DD, Darier disease; HbA1c, hemoglobin A1c
#

Mann–Whitney U Test, *insignificant differences after Benjamini–Hochberg correction for multiple comparisons (p ≥ 0.05)

[8]. It is currently not known whether DD patients carry
other risk factors for the development of diabetes irrespective of ATP2A2 mutation status. However, since
some DD patients seem to lack ATP2A2 mutations altogether, speculations could be made as to the existence of
possible diabetes risk factors other than mutation status
per se for DD patients, for example skin inflammation, as
inflammatory skin conditions such as psoriasis is linked
with type 2 diabetes [9]. This is also in accordance to our
data showing no significant difference between the pathogenic and benign mutation variants among DD patients
(Table 2). We find it unlikely that acitretin use by DD
patients would cause beta cell dysfunction as retinoids
are associated with improved glycemic control [10] and
was even suggested as novel diabetes drugs [11].

Abbreviations
ER: Endoplasmic reticulum; DD: Darier disease; SERCA2: Sarco-endoplasmic
reticulum ATPase 2; BMI: Body mass index; HOMA: Homeostasis Model
Assessment.

Conclusions
Taken together, our study contributes to the growing
body of evidence indicating that DD is a syndrome affecting multiple organs and not only the skin. Diabetes is
easy to screen for and it appears reasonable to bear in
mind the potential risk of diabetes when assessing DD
patients, although we do not fully understand why this
may be the case. Future larger studies may reveal how DD
is associated with diabetes.

Ethics approval and consent to participate
The study was approved by the Regional Ethics Committee in Stockholm. All
patients provided written confirmed consent for the clinical study.

Acknowledgements
We thank the participating patients, research nurse Helena Grieshel and all
funding agencies.
Authors’ contributions
All authors contributed to study design. TA, PC and IUSL collected the data.
TA and PC performed data analysis. TA, PC, EBW, MC and JDW contributed to
writing. All authors read and approved the final manuscript.
Funding
This study was funded by Vetenskapsrådet, Hudfonden, Svenska Sällskapet för
Medicinsk Forskning, ALF Medicin Stockholm, Jeanssons Stiftelser, and Tore
Nilssons Stiftelse.
Availability of data and materials
Not applicable.

Consent for publication
Not applicable.
Competing interests
The authors declare that they have no competing interests.

Ahanian et al. Diabetol Metab Syndr

(2020) 12:12

Author details
1
Dermatology and Venereology Division, Department of Medicine (Solna),
Karolinska Institutet, Stockholm, Sweden. 2 Dermato‑Venereology Clinic, Karo‑
linska University Hospital, Stockholm, Sweden. 3 The Rolf Luft Research Center
for Diabetes and Endocrinology, Karolinska Institutet, Stockholm, Sweden.
4
Department of Medical Epidemiology and Biostatistics, Karolinska Institutet,
Stockholm, Sweden.
Received: 11 November 2019 Accepted: 26 January 2020

References
1. Sano R, Reed JC. ER stress-induced cell death mechanisms. Biochem
Biophys Acta. 2013;1833(12):3460–70.
2. Marhfour I, Lopez XM, Lefkaditis D, et al. Expression of endoplasmic
reticulum stress markers in the islets of patients with type 1 diabetes.
Diabetologia. 2012;55(9):2417–20.
3. Leong IUS, Stuckey A, Ahanian T, Cederlof M, Wikstrom JD. Novel muta‑
tions in Darier disease and association to self-reported disease severity.
PLoS ONE. 2017;12(10):e0186356.
4. Tong X, Kono T, Anderson-Baucum EK, et al. SERCA2 deficiency impairs
pancreatic beta-cell function in response to diet-induced obesity. Diabe‑
tes. 2016;65(10):3039–52.

Page 4 of 4

5.

Trico D, Natali A, Arslanian S, Mari A, Ferrannini E. Identification, patho‑
physiology, and clinical implications of primary insulin hypersecretion in
nondiabetic adults and adolescents. JCI Insight. 2018;3(24):e124912.
6. Kaliyaperumal A, Jing S. Immunogenicity assessment of therapeutic
proteins and peptides. Curr Pharm Biotechnol. 2009;10(4):352–8.
7. Aizawa T, Yada T, Asanuma N, et al. Effects of thapsigargin, an intracellular
CA2+ pump inhibitor, on insulin release by rat pancreatic B-cell. Life Sci.
1995;57(14):1375–81.
8. Cederlof M, Curman P, Ahanian T, et al. Darier disease is associated with
type 1 diabetes: findings from a population-based cohort study. J Am
Acad Dermatol. 2019;81(6):1425–6.
9. Holm JG, Thomsen SF. Type 2 diabetes and psoriasis: links and risks.
Psoriasis. 2019;9:1–6.
10. Meerza D, Iqbal S, Zaheer S, Naseem I. Retinoids have therapeutic action
in type 2 diabetes. Nutrition. 2016;32(7–8):898–903.
11. Trasino SE, Gudas LJ. Vitamin A: a missing link in diabetes? Diabetes
Manag. 2015;5(5):359–67.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

Ready to submit your research ? Choose BMC and benefit from:

• fast, convenient online submission
• thorough peer review by experienced researchers in your field
• rapid publication on acceptance
• support for research data, including large and complex data types
• gold Open Access which fosters wider collaboration and increased citations
• maximum visibility for your research: over 100M website views per year
At BMC, research is always in progress.
Learn more biomedcentral.com/submissions

