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A B S T R A C T   

Background: Studies have shown that vitamin D can enhance glucose-stimulated insulin secretion (GSIS) and 
change the expression of genes in pancreatic β-cells. Still the mechanisms linking vitamin D and GSIS are un-
known. 
Material and methods: We used an established β-cell line, INS1E. INS1E cells were pre-treated with 10 nM 
1,25(OH)2vitamin D or 10 nM 25(OH)vitamin D for 72 h and stimulated with 22 mM glucose for 60 min. RNA 
was extracted for gene expression analysis. 
Results: Expression of genes affecting viability, apoptosis and GSIS changed after pre-treatment with both 
1,25(OH)2vitamin D and 25(OH)vitamin D in INS1E cells. Stimulation with glucose after pre-treatment of INS1E 
cells with 1,25(OH)2vitamin D resulted in 181 differentially expressed genes, whereas 526 genes were differ-
entially expressed after pre-treatment with 25(OH)vitamin D. 
Conclusion: Vitamin D metabolites may affect pancreatic β-cells and GSIS through changed gene expression for 
genes involved in β-cell function and viability.   

1. Introduction 

Type 2 diabetes mellitus (T2DM) is characterized by both de-
creasing β-cell mass, impaired insulin secretion and insufficient insulin 
action (Lawlor et al., 2017). The β-cell dysfunction and impaired insulin 
secretion may have both genetic and environmental causes (Chan et al., 
1994; Laaksonen et al., 2002; Thorsby, 2013; Wang et al., 2016; 
Zimmet et al., 2001; Thorsby et al., 2009), but the pathophysiological 
mechanisms are still not fully understood. During the recent years, 
several genome wide association studies (GWAS) have identified 
around 250 loci associated with T2DM (Langenberg and Lotta, 2018). 
More than 90% of these are related to β-cell function, including insulin 
secretion, processing of proinsulin and glucose-sensing (Lawlor et al., 
2017; Petrie et al., 2011), but still these genetic variants can only ex-
plain around 15% of the heritability of T2DM (Manolio et al., 2009; 
Lyssenko et al., 2008). It has therefore been suggested to combine 
multiplex DNA, RNA and protein analyses to explain the genetic 

susceptibility for T2DM (Taneera et al., 2012). 
Glucose-stimulated insulin secretion (GSIS) is primarily regulated 

by the availability of glucose in the β-cells, but other metabolites also 
affect insulin secretion, including vitamin D (Neelankal John et al., 
2018). The 1-α-hydroxylase enzyme responsible for converting 25(OH) 
vitamin D into its biologically active form, 1,25(OH)2vitamin D, is 
primarily expressed in kidneys but has also been found in several extra- 
renal tissues in humans including skin, gastrointestinal tract, placenta 
and pancreatic β-cells (Bland et al., 2004; Adams and Hewison, 2012). 
This enables local production of 1,25(OH)2vitamin D and permits in-
tracellular regulation of vitamin D levels (Bland et al., 2004; Maestro 
et al., 2000). In target cells 1,25(OH)2vitamin D exerts its genomic ef-
fects through binding to the nuclear transcription factor vitamin D re-
ceptor (VDR) thereby mediating transcription of target genes (Bikle, 
2016). 

Many in vitro and in vivo studies have indicated a beneficial role for 
vitamin D in pancreatic β-cell function (Bikle, 2016; Umar et al., 2018; 
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Wolden-Kirk et al., 2013). We have recently reported the effects of 
different vitamin D metabolites on insulin secretion in an established 
model for β-cells, INS1E cells, which showed effects of both 25(OH) 
vitamin D and 1,25(OH)2vitamin D on insulin secretion when combined 
with glucose. Both 25(OH)vitamin D and 1,25(OH)2vitamin D increased 
insulin secretion, but only the latter led to a statistically significant 
increase (Bornstedt et al., 2019). Billaudel et al. observed increased 
insulin secretion and a genomic effect of 1,25(OH)2vitamin D in iso-
lated rat islets (Billaudel et al., 1990) and Kjalarsdottir et al. showed 
increased GSIS and transcriptional effects of 1,25(OH)2vitamin D in 
isolated rat and human islets (Kjalarsdottir et al., 2019). In a microarray 
study of mouse islets, Wolden-Kirk and co-workers showed regulation 
of several genes by 1,25(OH)2vitamin D, including genes involved in 
ion transport, cytoskeletal organisation and intracellular trafficking, 
processes that may affect β-cell function and insulin secretion (Wolden- 
Kirk et al., 2013). 

Our previously reported study analysing the effects of 25(OH)vi-
tamin D and 1,25(OH)2vitamin D on the proteome of the INS1 cell line 
(Pepaj et al., 2015) showed marked effects of 1,25(OH)2vitamin D on 
protein expression. Thirty-one proteins were found to be significantly 
differentially expressed after treatment with 1,25(OH)2vitamin D 
compared with unstimulated controls, whereas 25(OH)vitamin D had 
no such effect. Proteins implicated in insulin granule motility and in-
sulin exocytosis were among the upregulated proteins, suggesting a 
positive effect of 1,25(OH)2vitamin D on insulin secretion. Studies have 
also shown that 1,25(OH)2vitamin D can elicit rapid non-genomic ef-
fects in various cells, and that the combined non-genomic and genomic 
effects lead to the cellular effects of vitamin D (Hii and Ferrante, 2016). 
However, the molecular pathways linking vitamin D, β-cell function 
and GSIS are still not fully understood. The aim of the present study has 
been to characterize the transcriptional effects of vitamin D metabolites 
in INS1E cells and to identify changes that might be related to im-
provement of GSIS, thereby elucidating possible genomic mechanisms 
linking vitamin D to insulin secretion. 

2. Material and methods 

2.1. Cell culture 

As previously described we used the well-established rat insulinoma 
β-cell line INS1E (Bornstedt et al., 2019). The cell line was a kind gift 
from professor Wollheim (Asfari et al., 1992). In short, INS1E cells were 
grown in monolayer in RPMI medium (Gibco by Life technologies, 
Paisley, UK) at 11 mM glucose with supplements in a humidified at-
mosphere at 37 °C with 5% CO2 (Bornstedt et al., 2019). 

2.2. Treatment with vitamin D metabolites and glucose stimulation 

After four passages INS1E cells (105 cells per well) were seeded in 
RPMI with 10 nM 25(OH)vitamin D (Sigma-Aldrich, Netherlands), 
RPMI with 10 nM 1,25(OH)2vitamin D (Sigma-Aldrich, Israel) or RPMI 
with standard supplements alone (control cells). After 72 h of pre-
incubation, glucose stimulation was carried out. The cells were first 
incubated with glucose-free Krebs-Ringer buffer for 60 min, and im-
mediately afterwards they were subjected to stimulation with 22 mM 
glucose in Krebs-Ringer buffer in triplicates for 60 min. The Krebs- 
Ringer buffer with either 22 mM glucose or glucose-free (controls) was 
collected by careful pipetting immediately after the 60 min of stimu-
lation and kept at −20 °C until insulin measurement was carried out. 
We carried out three parallel experiments within a time period of four 
weeks, performed by the same operator. The INS1E cells applied in the 
experiments originated from the same cell batch. 

2.3. RNA isolation and quantification 

Total RNA was extracted from cells cultured in the absence or 

presence of vitamin D metabolites and stimulated with or without 
glucose for 60 min using the RNeasy Mini kit (Qiagen, Austin, USA) 
according to the producer’s instructions. RNA was extracted from all 
three parallel experiments for each treatment group (controls, 
1,25(OH)2vitamin D without glucose, 25(OH)vitamin D without glu-
cose, only 22 mM glucose, 1,25(OH)2vitamin D and 22 mM glucose, 
25(OH)vitamin D and 22 mM glucose), in total 18 samples consisting of 
the six different treatment groups with three parallels each. The RNA 
was treated with DNase I (Qiagen) to remove genomic DNA and then 
stored at −80 °C until further use. The amount of RNA was measured 
using NanoDrop ND-1000 (Thermo Fisher Scientific, Wilmington, USA). 

2.4. Microarray analysis 

150 ng of total RNA from each treatment group was subjected to 
GeneChip HT One-Cycle cDNA Synthesis Kit and GeneChip HT IVT 
Labeling Kit, following the manufacturer’s protocol for whole genome 
gene expression analysis (Affymetrix, Santa Clara, CA, USA). Labeled 
and fragmented single stranded cDNAs were hybridized to GeneChip® 
Rat Gene 1.0 ST Arrays (Affymetrix) containing approximately 28 000 
gene transcripts. The arrays were washed and stained using FS-450 
fluidics station (Affymetrix). Signal intensities were detected by 
Hewlett Packard Gene Array Scanner 3000 7G (Hewlett Packard, Palo 
Alto, CA, USA). The scanned images were processed using AGCC 
(AffymetrixGeneChip Command Console) software. All cDNA samples 
were analyzed in one run at the Affymetrix platform using the same 
gene chip originating from the same batch. The complete microarray 
data is published in the Gene Expression Omnibus database (GEO) and 
can be found by accession number GEO: GSE145460. 

2.5. RT-PCR 

In order to confirm the microarray results, we performed RT-PCR 
using TaqMan probes (Applied Biosystems, Thermo Fisher Scientific, 
Wilmington, USA) for three of the differentially regulated genes (Icam1, 
Trpa1, Lims2), in addition to Gapdh as a universal housekeeping gene. 
We used 500 ng total RNA to generate cDNA using SuperScript VILO 
cDNA Synthesis Kit (Invitrogen, Thermo Fisher Scientific, Wilmington, 
USA). The procedure was carried out according to the manufacturer’s 
instruction. The cDNA was diluted 1:20 before application. 
Quantitative PCR analysis was carried out using TaqMan Fast Advanced 
Master Mix (Applied Biosystems). The PCR reaction mix was prepared 
according to the manufacturer’s instructions (Applied Biosystems). 
Gene expression levels were normalized with respect to Gapdh as an 
internal control and calculated by the 2‐ΔΔCt method. 

To confirm the presence of 1-α-hydroxylase (Cyp27B1) in INS1E β- 
cells RT-PCR using TaqMan probes (Applied Biosystems) was carried 
out as described above. 

2.6. Statistics 

For statistical analysis the Affymetrix.CEL files (containing probe 
intensities) were imported into Partek Genomics Suite software (Partek, 
Inc. MO, USA). Robust microarray analysis (RMA) yielding normalized 
log2 transformed signal intensities were applied for normalization 
(http://bip.weizmann.ac.il/toolbox/overview/Partek_Users_Guide. 
pdf). Gene transcripts with maximal signal values of less than 5 (Log2 
values) across all arrays were removed to filter for low and non-ex-
pressed genes, reducing the number of gene transcripts to 17 017. 
Differentially expressed genes between groups were identified using 
one-way ANOVA as implemented in Partek Genomics Suite. Since the 
study was explorative and we wanted to collect as much biological 
information as possible, correction for multiple testing was not per-
formed. 

Further bioinformatics analysis was conducted on the statistically 
significantly regulated genes (p  <  0.05) to identify functional 
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significance by means of Ingenuity Pathways Analysis (IPA) (Ingenuity 
Systems, Redwood City, CA, USA). Briefly, the data set containing gene 
identifiers and corresponding fold changes and p-values was uploaded 
into the web-delivered application and each gene identifier was 
mapped to its corresponding gene object in the Ingenuity Pathways 
Knowledge Base (IPKB). The functional analysis identified the biolo-
gical functions and/or diseases that were most significant to the data 
sets. Fisher’s exact test was performed on the three parallel samples to 
calculate a p-value determining the probability that each biological 
function and/or disease assigned to the data set was due to chance 
alone. The data sets were mined for significant pathways with the IPA 
library of canonical pathways and networks were generated by using 
IPA as graphical representations of the molecular relationships between 
genes and gene products. Genes were defined as differentially expressed 
if their maximal signal values exceeded 5 (Log2 values) after calcula-
tions in Partek Genomics Suite software and considered eligible for IPA 
analysis if the difference in expression values between the groups we 
compared were statistical significant (p  <  0.05). 

Statistical analysis of results from RT-PCR analyses was performed 
with Mann-Whitney test for independent samples (SPSS version 
25.0.0.1). 

3. Results 

3.1. Overview 

Previously described target genes for vitamin D; Vdr (Vitamin D 
receptor, FC 1.1-1.4), Hbegf (heparin-binding EGF-like growth factor, 
FC 1.2) and G0s2 (G0/G1switch 2, FC 1.6) were induced in 
1,25(OH)2vitamin D and 25(OH)vitamin D pre-treated cells, supporting 
the effects of vitamin D in our experimental setup (Zhou et al., 2017; 
Kalsheker, 1996; Ikari et al., 2001). Pre-treatment with 10 nM 
1,25(OH)2vitamin D for 72 h and subsequent 60 min stimulation with 
22 mM glucose resulted in 181 differentially expressed genes of which 
94 were upregulated and 87 showed decreased expression compared 
with cells that were not pre-treated with 1,25(OH)2vitamin D (Table 1). 
Among those genes IPA identified 139 (64 up-regulated, 75 down- 
regulated) as eligible for pathway analysis. In contrast, pre-treatment 
with 10 nM 25(OH)vitamin D and subsequent 60 min 22 mM glucose 
stimulation resulted in 526 differentially expressed genes compared to 
control cells. Among these genes 199 showed an increased expression, 
while 327 genes were down-regulated (Table 1). IPA identified 435 
(148 up-regulated, 287 down-regulated) as eligible for pathway ana-
lysis. Pre-treatment with 1,25(OH)2vitamin D without subsequent glu-
cose stimulation resulted in 190 differentially expressed genes of which 
94 were upregulated and 96 showed decreased expression compared 
with control cells (Table 1). In this group IPA identified 150 genes (71 
up-regulated, 79 down-regulated) as eligible for pathway analysis. Si-
milarly, pre-treatment with 25(OH)vitamin D alone resulted in 413 
differentially expressed genes of which 88 were upregulated and 325 
genes showed decreased expression compared with control cells 
(Table 1). IPA identified 348 (64 up-regulated, 284 down-regulated) of 
these to be eligible for pathway analysis. Fig. 1 shows that 34 genes 
were differentially expressed in INS1E cells by both 1,25(OH)2vitamin 
D and 25(OH)vitamin D after glucose stimulation. The distribution of 
the differentially expressed genes comparing the treatment groups; 
1,25(OH)2vitamin D + glucose versus glucose and 25(OH)vitamin 
D + glucose versus glucose is visualized in Volcano plots showing the 
significantly up – and downregulated genes (Figs. 2 and 3). 

IPA showed that among molecular and cellular functions most af-
fected by 1,25(OH)2vitamin D were genes involved in cell death and 
survival (p-value 4.77E-02 – 2.03E-03), cell-to-cell signalling (p-value 
3.68E-02 – 2.03E-03) and carbohydrate metabolism (p-value 2.19E-02 
– 3.61E-04) (Supplementary Tables 5 and 6). 25(OH)vitamin D also 
affected genes associated with cell death and survival (p-value 8.07E-04 
– 8.07E-04) and) and cell-to-cell signaling (p-value 2.63E-03 – 2.35E- Ta
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04), in addition to cellular assembly and organization (p-value 4.61E- 
02 – 4.56E-05) (Supplementary Tables 7 and 8). The most affected 
canonical pathway by 1,25(OH)2vitamin D was the FGF signaling 
pathway (p-value 1.98E-3), whereas the AMPK signaling pathway was 
most affected by 25(OH)vitamin D (p-value 4.89E-5) (Supplementary 
Tables 9 and 10). 

To confirm the microarray results, we performed RT-PCR for three 
of the regulated genes (Icam1, Trpa1, Lims2), in addition to Gapdh as a 
universal housekeeping gene. The analyses showed the same trend of 
expression and confirmed the results from the microarray analysis 
(Supplementary Fig. 1). RT-PCR for 1-α-hydroxylase (Cyp27B1) 
showed the presence of the enzyme in INS1E cells (data not shown). 

3.2. 1,25(OH)2vitamin D and 25(OH)vitamin D up-regulated the 
expression of genes concerning cellular viability, growth and glucose-induced 
insulin secretion 

Pre-treatment with 10 nM 1,25(OH)2vitamin D followed by a short 
glucose stimulation (22 mM, 60 min) up-regulated several genes that 
might affect glucose induced insulin secretion (Table 2). Among the top 
ten most upregulated genes by 1,25(OH)2vitamin D we found serpin 
family A member 3 (Serpina3), intracellular adhesion molecule 1 
(Icam1), prolactin-releasing hormone (Prlh,) and beclin 2 (Becn2). 

1,25(OH)2vitamin D alone, without subsequent glucose stimulation, 
downregulated among others telomerase RNA component (Terc), alka-
line ceramidase 2 (Acer2) and transcription elongation factor A like 8 

(Tceal8) (Supplementary Table 2). 
Pre-treatment with 10 nM 25(OH)vitamin D followed by a short 

glucose stimulation (22 mM, 60 min) up-regulated several genes that 
might affect glucose induced insulin secretion (Table 4). Among the 
25(OH)vitamin D upregulated genes (Table 4) were bone morphoge-
netic protein 3 (Bmp3), insulin like growth factor 1 (Igf1), acetyl-CoA 
acyltransferase 2 (Acaa2), serpin family A member 3 (Serpina3) and 
Prolactin-releasing hormone (Prlh). 25(OH)vitamin D alone, without 
subsequent glucose stimulation, upregulated the bone morphogenetic 
protein genes Bmp2 and Bmp3 (Supplementary Table 3). G protein- 
coupled receptor 84 (Grp-84) was downregulated by 25(OH)vitamin D 
(Supplementary Table 4). 

3.3. 1,25(OH)2vitamin D and 25(OH)vitamin D down-regulated the 
expression of genes concerning apoptosis and inflammatory response 

Pre-treatment with 10 nM 1,25(OH)2vitamin D followed by a short 
glucose stimulation (22 mM, 60 min) down-regulated several genes that 
could negatively affect glucose induced insulin secretion and beta cell 
survival (Table 3). 1,25(OH)2vitamin D down regulated RNA poly-
merase III subunit G (Polr3G) and caspase 3 (Casp3). 1,25(OH)2vitamin 
D alone, without subsequent glucose stimulation, downregulated 
among others telomerase RNA component (Terc), alkaline ceramidase 2 
(Acer2) and transcription elongation factor A like 8 (Tceal8) 
(Supplementary Table 2). 

INS1E cells pre-treated with 25(OH)vitamin D followed by glucose 
stimulation (Table 4) showed down-regulation of chloride voltage- 
gated channel 5 (Clcn5), forkhead box A3 (FoxoA3) and synuclein alpha 
(Snca) (Table 5). G protein-coupled receptor 84 (Grp84) was down-
regulated by 25(OH)vitamin D without subsequent glucose stimulation 
(Supplementary Table 4). 

4. Discussion 

In this report we have shown that pre-treatment for 72 h with 10 nM 
1,25(OH)2vitamin D or 25(OH)vitamin either alone, or followed by 
60 min 22 mM glucose stimulation resulted in differential expression of 
genes in INS1E β-cells. 

The present study identified several genes upregulated by 
1,25(OH)2vitamin D that might affect β-cell function and glucose-in-
duced insulin secretion. A substantial part of the differentially ex-
pressed genes was involved in apoptosis or cell survival. Among the ten 
most up-regulated genes by 1,25(OH)2vitamin D we identified the 
serpin family A member 3 (Serpina3). SERPINA3 is a protease inhibitor 
localized in secretory granules and in the cytosol. SERPINA3 is 

Fig 1. Differentially regulated genes by 1,25(OH)2vitamin D and 25(OH)vi-
tamin D. Venn diagram of genes regulated by 1,25(OH)2vitamin D and glucose 
compared to 25(OH)vitamin D and glucose (created by Venny 2.1.0). 

Fig 2. Volcano plot of differentially expressed genes comparing 1,25(OH)2vitamin D + glucose versus glucose. Distribution of the significantly differentially up – and 
down regulated genes comparing INS1E cells treated with 1,25(OH)2vitamin D + glucose versus glucose only (p  <  0.05 for all genes). FC = fold change. 
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normally produced by hepatocytes and inactivates several serine pro-
teases (Zhou et al., 2017; Kalsheker, 1996). Ikari et al. showed that 
SERPINA3 functioned as an anti-apoptotic factor in humans (Ikari et al., 
2001). The function of Serpina3 in β-cells is to our knowledge presently 
unknown. 

Casp3, a caspase involved in apoptosis was down-regulated by 
1,25(OH)2vitamin D. Liadis et al. showed that Caspase-3 knockout mice 
were protected from developing diabetes in a streptozotocin auto-
immune diabetes model and that caspase-3-mediated β-cell apoptosis 
might be a key initiating event in type 1 diabetes (Liadis et al., 2005). 
Down-regulation of Caspase-3 by 1,25(OH)2vitamin D could potentially 
lead to increased cellular survival and thus increased insulin secretion 
in β-cells. 1,25(OH)2vitamin D alone downregulated the telomerase 
RNA component (Terc) gene. TERC has been associated with telomere 
attrition, a natural phenomenon that has emerged in the pathophy-
siology of T2DM (Sethi et al., 2016). Telomere attrition involves pre-
mature shortening of the telomeres and is associated with complica-
tions in T2DM like retinopathy and atherosclerosis. Down-regulation of 
Terc by 1,25(OH)2vitamin D might increase β-cell survival and retain 
beta cell function. To our knowledge Serpina3, Casp3, and Terc have not 
been described in pancreatic β-cells before. 

IPA showed that the pathway most significantly affected by 
1,25(OH)2vitamin D and high glucose was the fibroblast growth factor 
(FGF) signaling pathway. Downstream effects of FGF signaling include 
changes in cellular growth and differentiation, in addition to calcium 
efflux from the endoplasmatic reticulum, thus increasing cytoplasmic 
calcium content (Ornitz and Itoh, 2015; Lee et al., 2009). In light of 
this, up-regulation of the FGF signaling pathway by 1,25(OH)2vitamin 
D may turn out to be beneficial for β-cell survival and GSIS. 

Among other genes not directly related to apoptosis or β-cell sur-
vival we identified transcription elongation factor A like 8 (Tceal8) and 

prolactin releasing hormone (Prlh). TCEAL8, for which the corre-
sponding gene was up-regulated by 1,25(OH)2vitamin D and glucose, 
has been studied as a potential biomarker for T2DM (Wopereis et al., 
2012). Prolactin has been shown to regulate the insulin (Ins1) gene. 
Petryk et al. found that prolactin exerts glucose-independent as well as 
glucose-dependent effects on insulin gene expression in INS1 cells and 
that glucose and prolactin act synergistically to induce insulin gene 
transcription (Petryk et al., 2000). Previous studies have also shown 
that prolactin induces insulin production and GSIS both in isolated 
human pancreatic islets and in rats and mice (Huang and Chang, 2014). 
Prolactin is released from the pituitary gland upon stimulation by 
prolactin releasing hormone (PRLH) which is secreted from the hy-
pothalamus. Thus, 1,25(OH)2vitamin D might up-regulate insulin se-
cretion by increasing PRLH and thereby prolactin. 

25(OH)vitamin D followed by a short simulation with high glucose 
affected a larger number of genes than 1,25(OH)2vitamin D followed by 
high glucose stimulation. 1-α-hydroxylase, the enzyme for converting 
25(OH)vitamin D into 1,25(OH)2vitamin D, was not detected in our 
previous proteomic study on INS1 cells (Pepaj et al., 2015). However, 
recent experiments carried out in our department verified the presence 
of 1-α-hydroxylase in this particular cell line. In support of our findings, 
Zehnder et al. have shown by immunohistochemical analysis the pre-
sence of 1-α-hydroxylase in the human pancreas (Zehnder et al., 2001). 
In addition Bland et al. demonstrated in their study that both isolated 
rat islets and MIN6 cells expressed 1-α-hydroxylase mRNA using RT- 
PCR (Bland et al., 2004). The effects of 25(OH)vitamin D in the present 
study could therefore be caused by intracellular conversion of 25(OH) 
vitamin D to 1,25(OH)2vitamin D, in addition to possible effects of 
25(OH)vitamin D itself on gene expression. Few studies have in-
vestigated genomic effects of 25(OH)vitamin D, but Hassan-Smith et al. 
showed in their study on skeletal muscle cells that 25(OH)vitamin D 

Fig 3. Volcano plot of differentially expressed genes comparing 25(OH)vitamin D + glucose versus glucose. Distribution of the significantly differentially up – and 
down regulated genes comparing INS1E cells treated with 25(OH)vitamin D + glucose versus glucose only (p  <  0.05 for all genes). FC = fold change. 

Table 2 
IPA analysis of 1,25(OH)2vitamin D and 22 mM glucose versus control and 22 mM glucose showing the ten most upregulated genes.       

Expression p-value Expression fold change Gene ID Gene symbol Entrez Gene Name  

3.77E-02 1.361 10886621 Serpina3 Serpin family A member 3 
7.61E-03 1.356 10786136 LOC102553140 Uncharacterized LOC102553140 
9.90E-03 1.345 10717280 Taar7d Trace amine-associated receptor 7D 
8.71E-03 1.287 10908319 Icam1 Intercellular adhesion molecule 1 
5.16E-03 1.261 10754454 Sema5b Semaphorin 5B 
4.80E-02 1.261 10817123 LOC103691634 Late cornified envelope protein 1C-like 
1.06E-03 1.259 10749762 Sectm1b Secreted and transmembrane 1B 
1.86E-02 1.240 10925320 Prlh Prolactin releasing hormone 
1.22E-02 1.240 10766010 Becn2 Beclin 2 
3.71E-02 1.236 10841253 1700003F12Rik RIKEN cDNA 1700003F12 gene 
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profoundly affected gene expression even in the absence of 1-α-hy-
droxylase (Hassan-Smith et al., 2017). Han et al. showed that 25(OH) 
vitamin D increased mRNA expression levels of 1-alpha-hydroxylase 
and vitamin D receptor (VDR) in kidneys in broiler chickens compared 
with birds fed a diet without 25(OH)vitamin D, but whether this effect 
was due to conversion of 25(OH)vitamin D to 1,25(OH)2vitamin D is 
uncertain (Han et al., 2018). 

Among the ten most upregulated genes by 25(OH)vitamin D fol-
lowed by high glucose was the insulin like growth factor 1 gene (Igf1). 
Studies have shown that the somatolactogenic hormones including 
growth hormone (GH), prolactin (PRL), and insulin-like growth factor-1 
(IGF-1) and their receptors (GHR, PRLR, and IGF-1R) are involved in β- 
cell growth, survival and differentiation, in addition to insulin secretion 
(Huang and Chang, 2014). Serpina3 and Prlh were also among the most 
upregulated genes in INS1E cells pre-treated with 25(OH)vitamin D. 
This suggest that Serpina3 and Prlh could be regulated by both 25(OH) 
vitamin D and 1,25(OH)2vitamin D or the concurrence might be due to 
the conversion of 25(OH)vitamin D to 1,25(OH)2vitamin D by the 
INS1E cells themselves, since these genes were also upregulated by 
1,25(OH)vitamin D. 

The most affected canonical pathway by 25(OH)vitamin D was the 
activated protein kinase (AMPK) signaling pathway. AMPK is a master 
metabolic regulator which induces pathways that generate ATP. Studies 

have reported that AMPK could increase glucose uptake and translo-
cation of glucose transporter 4 (GLUT4) (Lu et al., 2019). Another 
downstream effect of AMPK activation is reduced activity of CASPASE3, 
which we also found to be downregulated by 1,25(OH)2vitamin D in the 
present study. AMPK has been investigated intensely because of its 
potential as a target for antidiabetic drugs (Chen et al., 2019). In ad-
dition to metformin which activates the AMPK pathway, other anti- 
diabetic agents like sulfonylurea, GLP-1 analogues and DPP4-inhibitors 
have also been suggested to elicit their actions via increasing AMPK 
activity (Rena et al., 2017). Thus, the AMPK pathway seems to be an 
interesting target for anti-diabetic treatment. 

25(OH)vitamin alone upregulated bone morphogenetic protein 
genes; Bmp2 and Bmp3. Bone morphogenetic protein 2, BMP2 has been 
identified as a new insulin-sensitizing growth factor in mature adipo-
cytes and can lead to increased insulin-mediated glucose uptake in 
adipocytes (Schreiber et al., 2017). The gene for the G protein-coupled 
receptor 84, Grp84, was downregulated by 25(OH)vitamin alone. GPR- 
84 is a member of the metabolic G protein-coupled receptor family 
involved in inflammatory response and is upregulated by hypergly-
cemia (Recio et al., 2018). To our knowledge, the functions of Bmp2, 
Bmp3 and Gpr84 have not previously been described in pancreatic β- 
cells. 

The effects on gene expression reported here were observed after 

Table 3 
IPA analysis of 1,25(OH)2vitamin D and 22 mM glucose versus control and 22 mM glucose showing the ten most downregulated genes.       

Expression p-value Expression Fold change Gene ID Gene symbol Entrez Gene Name  

8.39E-03 −1.293 10820206 Polr3g RNA polymerase III subunit G 
3.71E-02 −1.290 10789688 Efnb2 Ephrin B2 
1.91E-02 −1.265 10885578 Rad51b RAD51 paralog B 
4.09E-02 −1.255 10794320 Cenpp Centromere protein P 
4.21E-02 −1.252 10713382 Pygm Glycogen phosphorylase. muscle associated 
4.33E-03 −1.249 10740792 Olr1370 Olfactory receptor 1370 
4.53E-02 −1.234 10867688 Rbm12b RNA binding motif protein 12B 
3.21E-02 −1.226 10771655 Cxcl10 C-X-C motif chemokine ligand 10 
1.32E-02 −1.225 10791652 Casp3 Caspase 3 
2.72E-02 −1.212 10838326 Kcna4 Potassium voltage-gated channel subfamily A member 4 

Table 4 
IPA analysis of 25(OH)vitamin D and 22 mM glucose versus control and 22 mM glucose showing the ten most upregulated genes.       

Expression p-value Expression Fold Change Gene ID Gene symbol Entrez Gene Name  

2.60E-02 1.509 10775573 Bmp3 Bone morphogenetic protein 3 
2.44E-02 1.429 10867593 Gdf6 Growth differentiation factor 6 
2.95E-02 1.386 10886621 Serpina3 Serpin family A member 3 
3.13E-02 1.372 10894695 Igf1 Insulin like growth factor 1 
1.51E-04 1.293 10747682 Meox1 Mesenchyme homeobox 1 
1.66E-02 1.292 10931038 Plin5 Perilipin 5 
7.27E-03 1.289 10762910 Mn1 MN1 proto-oncogene. transcriptional regulator 
3.73E-02 1.283 10927251 Bend6 BEN domain containing 6 
1.44E-02 1.282 10802691 Acaa2 Acetyl-CoA acyltransferase 2 
1.24E-02 1.262 10925320 Prlh Prolactin releasing hormone 

Table 5 
IPA analysis of 25(OH)vitamin D and 22 mM glucose versus control and 22 mM glucose showing the ten most downregulated genes.       

Expression p-value Expression Fold Change Gene ID Gene symbol Entrez Gene Name  

1.09E-02 −1.425 10765036 Gas5a Growth arrest specific 5 
6.38E-03 −1.335 10862820 Snca Synuclein alpha 
2.01E-02 −1.316 10924174 Tmem169 Transmembrane protein 169 
8.56E-03 −1.302 10850818 Defb45 Defensin beta 45 
2.84E-02 −1.287 10718032 C6orf118 Chromosome 6 open reading frame 118 
1.19E-02 −1.282 10909382 Vof16 Ischemia related factor vof-16 
2.86E-02 −1.265 10850841 Dusp15 Dual specificity phosphatase 15 
1.29E-02 −1.263 10719383 Foxo3 Forkhead box A3 
1.35E-02 −1.262 10882590 Mta3 Metastasis associated 1 family member 3 
1.05E-02 −1.262 10932582 Clcn5 Chloride voltage-gated channel 5 
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72 h of pre-treatment with vitamin D metabolites; however, it cannot be 
excluded that the effects on gene expression could have become ap-
parent earlier. Other groups have shown effects earlier (Billaudel et al., 
1990; Kjalarsdottir et al., 2019). Billaudel et al. have shown that pre-
incubation of rat islets with 1,25(OH)2vitamin D resulted in increased 
insulin secretion, both first and second phase, upon stimulation with 
16.7 mM glucose (Billaudel et al., 1990). This increase in insulin se-
cretion only became evident after 6 h of preincubation with 
1,25(OH)2vitamin D, consistent with the time required for possible 
genomic effects of 1,25(OH)2vitamin D (Billaudel et al., 1990). Kja-
larsdottir et al. showed that pre-treatment of mouse and human islets 
with 1,25(OH)2vitamin D increased glucose-stimulated insulin secre-
tion (Kjalarsdottir et al., 2019). They also found that glucose-stimulated 
calcium influx was increased after pre-treatment with 
1,25(OH)2vitamin D and that this could be caused by altered gene ex-
pression (Kjalarsdottir et al., 2019). 

The present study showed marked differences in the number of 
differentially expressed genes comparing 1,25(OH)2vitamin D and 
25(OH)vitamin. This suggested an ability of INS1E cells to convert 
25(OH)vitamin D into 1,25(OH)2vitamin D. Our experiments have 
shown that 1-α-hydroxylase is expressed in INS1E cells, which therefore 
might be able to convert 25(OH)vitamin into 1,25(OH)2vitamin D in-
tracellularly. Since our experiments showed that a larger number of 
genes were differentially expressed by 25(OH)vitamin than 
1,25(OH)2vitamin D, we cannot exclude other possible mechanisms for 
the actions of 25(OH)vitamin on gene expression in INS1E cells, but 
further studies are needed to shed light on this. Hassan-Smith et al. 
detected a similar trend in their experiments which investigated the 
effect of vitamin D metabolites on gene expression in human muscle 
cells (Hassan-Smith et al., 2017). They found that 25(OH)vitamin 
regulated more genes than 1,25(OH)2vitamin D and that 25(OH)vi-
tamin and 1,25(OH)2vitamin D affected different genes in skeletal 
muscle cells. They were not able to detect the presence of 1-α-hydro-
xylase in their study (Hassan-Smith et al., 2017). 

When comparing the results from our proteomic study (Pepaj et al., 
2015) with the results from the microarray analysis, we generally found 
low correlation between gene and protein expression in INS1E cells in 
the absence and presence of 1,25(OH)vitamin D. Previous studies have 
described similar results (Aubry et al., 2015; Ghazalpour et al., 2011; 
Lemee et al., 2018). Ghazalpour et al. showed in their comprehensive 
study of comparative analysis of proteome and transcriptome expres-
sion in mouse, that the average correlation was only 0.27 depending on 
the biological function and the cellular function of the gene 
(Ghazalpour et al., 2011). This phenomenon has also been described in 
many cancer studies where the correlations between transcriptome and 
proteome data were found to be poor (Lemee et al., 2018; Aubry et al., 
2015). Surprisingly, Ghazalpour et al. found a stronger association of 
the phenotype with the transcript levels than with the protein levels in 
INS1E β-cells. The observed differences between the proteins and 
transcripts may be explained partly by translational efficiency, alter-
native splicing, transport and localization, covalent modification and 
degradation, in addition to technical issues due the different technol-
ogies applied. For the present study we used the rat insulin-producing 
cell line INS1E as a model for pancreatic β-cells. The INS1E cell line 
harbors many important characteristics of pancreatic β-cells such as a 
well-preserved glucose-induced insulin secretion within the physiolo-
gical range (Asfari et al., 1992; Merglen et al., 2004). However, it must 
be taken into consideration that the origin is a transformed cell-line 
from rat and differs from islets regarding both function and mechan-
isms. Since the study was explorative and performed without correction 
for multiple testing to reveal as much information as possible, further 
experiments are necessary before reaching a conclusion. 

In summary, this report extends previous findings concerning the 
genomic effects of vitamin D metabolites on β-cells. Our data suggest 
that treatment of INS1E β-cells with 25(OH)vitamin D or 
1,25(OH)2vitamin D affects genes coding for proteins involved in 

cellular viability and growth, anti-apoptosis and inhibition of in-
flammatory response. These genes may be of importance for β-cell 
health and glucose-induced insulin secretion. Future studies on selected 
genes regulated by vitamin D may clarify their roles in pancreatic β- 
cells and GSIS. 
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