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Abstract: Thiazide diuretics and statins are used to improve cardiovascular outcomes, but may also cause type 2 
diabetes (T2DM), although mechanisms are unknown. Gene expression studies may facilitate understanding of 
these associations. Participants from ongoing population-based studies were sampled for these longitudinal stud-
ies of peripheral blood microarray gene expression, and followed to incident diabetes. All sampled subjects were 
statin or thiazide users. Those who developed diabetes during follow-up comprised cases (44 thiazide users; 19 
statin users), and were matched to drug-using controls who did not develop diabetes on several factors. Supervised 
normalization, surrogate variable analyses removed technical bias and confounding. Differentially-expressed genes 
were those with a false discovery rate Q-value<0.05. Among thiazide users, diabetes cases had significantly differ-
ent expression of CCL14 (down-regulated 6%, Q-value=0.0257), compared with controls. Among statin users, dia-
betes cases had marginal but insignificantly different expression of ZNF532 (up-regulated 15%, Q-value=0.0584), 
CXORF21 (up-regulated 11%, Q-value=0.0584), and ZNHIT3 (up-regulated 19%, Q-value=0.0959), compared with 
controls. These genes comprise potential targets for future expression or mechanistic research on medication-
related diabetes development. 

Keywords: Type 2 diabetes, statins, thiazide diuretics, whole blood, gene expression, microarray, supervised nor-
malization, surrogate variable analysis, chemokine ligand 14, zinc finger proteins

Introduction

Thiazide diuretics and statins are used to treat 
hypertension or hyperlipidemia to reduce risk 
of cardiovascular disease (CVD). However, 
observational studies and clinical trials have 
also reported adverse consequences of these 
two drugs, including development of hypergly-
cemia, insulin resistance, and type 2 diabetes 
mellitus (T2DM), all of which may increase CVD 
risk [1-3]. Characterizing the way in which use 
of statins and thiazide diuretics affect develop-
ment of disease states such as T2DM may 
improve understanding of the systemic effects 
these medications have on patients. To date, 
mechanistic pathways for these associations 
are not well understood; in particular, gene 
expression differences related to use of these 
medications and incident T2DM are largely 
unknown.

Relative gene expression levels are a biomarker 
representing the downstream confluence of 
genetic and environmental exposures, and as 
such may be used to characterize underlying 
molecular processes through which environ-
ment—such as use of medications—influences 
development of disease—such as T2DM [4]. We 
examined global gene expression in peripheral 
whole blood samples in an attempt to identify 
gene expression effects characterizing the way 
in which thiazide diuretics and statins may influ-
ence development of incident T2DM. 

Materials/methods

Study participants were sampled from ongoing, 
population-based, case-control studies of car-
diovascular diseases that constitute the Heart 
and Vascular Health Study (HVH). HVH partici-
pants are members of Group Health Cooperative 
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(GHC) in western Washington State who were 
21-79 years of age at study recruitment. HVH 
study participants were either diagnosed with 
an incident cardiovascular event (myocardial 
infarction, stroke, venous thrombosis, or atrial 
fibrillation) between 1995 and 2009 or were 
sampled at random from GHC members who 
had no history of these cardiovascular events. 
HVH subjects with and without cardiovascular 
events were frequency-matched by age (within 
decade), sex, and year of identification. HVH 
participants were eligible for the current gene 
expression studies if they provided blood sam-
ples for RNA extraction. All participants provid-
ed written, informed consent to participate in 
genetic studies and the GHC IRB approved 
study protocols.

Participants in the current, longitudinal gene 
expression studies were current users of either 
thiazide diuretics or statins and were free of 
type 2 diabetes (T2DM) at the time of their 
blood draw, which was set as the current study 
baseline. “Current” use of medication was 
defined at blood draw date using GHC comput-
erized pharmacy records if (1) the patient had 
at least two prescriptions filled before the blood 
draw date, and (2) he/she received enough 
medications in the last prescription filled to last 
until the blood draw date, assuming 80% com-
pliance with prescribing instructions. Diabetes-
negative status was defined based on no self-
report of diabetes, no prior diagnoses in their 
medical record, and never having taken diabe-
tes medications as of their blood draw date. 
Participants who were taking oral anticoagu-
lants, glucocorticoids, methotrexate, purine 
antimetabolites, or oral contraceptives at the 
time of blood draw were excluded.

T2DM cases were participants who were diag-
nosed with incident T2DM after their blood 
draw date, and were identified based on a first-
time use of insulin, metformin, glyburide, and/
or glipizide. Controls were individuals who did 
not develop T2DM after their blood draw date, 
and were matched to T2DM cases based on 
time taking the exposure medications before 
blood draw date (lead time), follow-up time 
after blood draw date, blood draw year, race, 
baseline body mass index (BMI), and history of 
a cardiovascular event. Thiazide diuretic users 
who qualified as cases (N=44) were sampled 
and matched with thiazide diuretic-using con-
trols directly from the HVH study population 

(N=44). Statin users who qualified as cases 
(N=19) and controls (N=37) were sampled from 
ongoing gene expression studies, among HVH 
participants. The other ongoing gene expres-
sion studies from which the current statin using 
group was selected included case-control stud-
ies for myocardial infarction, stroke, atrial fibril-
lation, and venous thromboembolism, as well 
as a cohort study on estrogen use. Because of 
the subject selection process, there was some 
overlap (N=25) between the two subject 
populations.

Peripheral whole blood samples were collected 
using PaxGene tubes (Qiagen Inc; Valencia, CA) 
between 2003 and 2012. RNA was extracted 
using Qiagen kits, per lab protocol at the Fred 
Hutchinson Cancer Research Center (FHCRC; 
Seattle, WA). RNA quality assessment and gene 
expression profiling (using microarray and qRT-
PCR experiments) were conducted at the 
Biochemistry and Expression Laboratories 
(Southern California). RNA sample quality was 
assessed using Agilent BioAnalyzer (Agilent 
Technologies; Santa Clara, CA) and RNA 
Integrity Numbers (RINs). All samples were 
shown to be free of extensive degradation. RNA 
samples were then amplified and reverse-tran-
scribed using Illumina kits, per manufacturer 
instructions (Illumina Inc; San Diego, CA). 
Labeled cDNA were hybridized to Illumina 
Human HT-12 Version 3 & Version 4 Expression 
Beadchips. Spike-in oligonucleotide controls 
and technical replicates were used to ensure 
the absence of technical error. Array chip imag-
es were captured using an Illumina Beadarray 
scanner and control plots were visually inspect-
ed to confirm low background noise and high 
probe-binding specificity. Scanned microarray 
chip images were processed using Illumina 
GenomeStudio to create expression data matri-
ces. Signal intensities of missing probes were 
imputed by Genome Studio using the kNN algo-
rithm. Gene-level expression matrices were cal-
culated without background correction from 
probe-level expression matrices using the aver-
age of intensity values for all measured and 
imputed probes for a given gene. The final gene 
set used in statistical analyses included those 
that surpassed QC minima for both chip ver-
sions; thiazide diuretic analyses (21,601 genes) 
and statin analyses (18,738 genes).

Log-transformed gene-level expression data 
matrices were pre-processed and analyzed 
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using Bioconductor packages in the R statisti-
cal computing environment (R Foundation for 
Statistical Computing, Vienna, Austria), includ-
ing supervised normalization of microarrays 
(SNM), surrogate variable analysis (SVA), and 
Illumina microarray processing (lumi) packages 
[5-11]. 

SNM was used to account for potential sources 
of confounding as well as correction for multi-
ple testing (based on approximately 20,000 
tests) [12]. Besides matching factors (BMI, 
race, blood draw year, lead time, and follow-up 
time), a priori considered confounders included 
age, sex, other anti-hypertensive medication 
use, and batch (microarray chip). The thiazide 
diuretics analyses were not adjusted for statin 
use because it was not an a priori confounder; 
the statin analyses were adjusted for diuretics 
use because there was overlap in the subject 
populations, as the sampling for the statin anal-
yses was done from among ongoing gene 
expression studies.

All primary analyses were based on regres-
sion models of expression intensity levels 
fit independently for each gene or RNA tran-
script, with intensity serving as the depen-
dent variable and T2DM case/control sta-
tus as the independent variable. Model 
parameters were estimated within the con-
text of SNM, which includes adjustment for 
the matching factors and confounders list-
ed previously, as well as adjustment for 
intensity-dependent effects [11]. SVA 
empirically assessed the residual data 
matrices for presence of surrogate vari-
ables, which could account for some of the 
technical and batch-based variability to 
which microarrays are prone, and final mod-
els adjusted for surrogate variables in addi-
tion to the other adjustments [9, 10]. 
Analyses among thiazide users were adjust-
ed for age; sex; BMI; chip; prior AF, MI, VTE, 
or stroke; time taking thiazides; follow-up 
time; use of any other hypertension medi-
cation; 5 SVs. Analyses among statin users 
were adjusted for age; sex; BMI; chip ver-
sion; use of diuretics; use of any other 
hypertensive medications; 3 SVs. The SNM 
package used false discovery rate (FDR) 
methods to calculate Q-values for each 
gene based on ANOVA comparing nested 
models with and without the primary vari-
able of interest, after the residual variability 

Table 1. Participant Characteristics
Thiazide diuretic users, sampled from HVH population:

No T2D Incident T2D
N=44 N=44

Male sex, n (%) 19 (43) 22 (50)
Age, mean (SD) 71.9 (9.9) 67.8 (8.3)
Prior AF, MI, VTE, stroke: n (%)‡ 13 (30) 13 (30)
BMI, mean (SD)‡ 31.5 (4.1) 31.5 (3.4)
Users of: 
    ACE-inhibitor, n (%) 15 (34) 13 (30)
    Ca-channel blocker, n (%) 3 (7) 11 (25)
    Beta blocker, n (%) 19 (43) 27 (61)
    Statin, n (%) 17 (39) 23 (52)
Statin users, sampled from ongoing gene expression studies:

No T2D Incident T2D
N=37 N=19

Male sex, n (%) 27 (73) 9 (47)
Age, mean (SD) 71.4 (8.3) 68.2 (6.5)
Prior AF, MI, VTE, stroke: n (%) 0 0
BMI, mean (SD) 30.7 (5.6) 32.4 (4.8)
Users of:
    ACE-inhibitor, n (%) 13 (35) 9 (47)
    Ca-channel blocker, n (%) 6 (16) 5 (26)
    Beta blocker, n (%) 20 (54) 9 (47)
    Diuretic, n (%) 20 (54) 16 (84)
‡Matching factors during subject selection.

associated with adjustments was removed 
from the expression matrix [11]. Significant dif-
ferential expression results for the current 
study were considered to be those with an esti-
mated Q-value<0.05.

Results

Overall, study participants tended to be older 
adults, overweight, and users of preventative 
cardiovascular medications (Table 1). Cases 
(participants who developed T2DM) and con-
trols were comparable to each other, with few 
exceptions. Among thiazide diuretic users, 
cases were younger than controls and the pro-
portion using calcium-channel blockers was 
higher among cases than among controls. Age 
distributions of T2DM cases and controls, 
among statin-users, were similar; controls were 
more likely to be males than were cases. In 
addition, among statin users, T2DM cases were 
more likely to use diuretics than were controls.

In QC analyses, using SNM-SVA packages, nor-
malized array box plots, intensity-dependent 
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effects per array, residual latent structure 
based on estimated principal components, 
convergence of the estimates of the proportion 
of non-differential or ‘null’ probes (π0), and the 
P-value distribution for the set of ‘null’ probes 
included in the estimation of π0, indicated that 
residual variability from non-biological sources 
was adequately removed from the comparison 
matrices (data not shown) [4-10].

The analyses among thiazide 
diuretic users (N=88), com-
paring incident T2DM cases 
(N=44) with controls (N=44), 
included microarray-based 
gene expression evaluation 
of 21,601 genes and RNA 
transcripts. The final estimat-
ed proportion of ‘null’ probes 
(π0) was 0.97. The QQ and vol-
cano plots (Figure 1A, 1B) of 
these differential gene exp- 
ression analyses also indicat-
ed that most gene expression 
comparisons were not statis-
tically significant. Expression 
of one gene, CCL14 (H. sapi-
ens chemokine C-C motif lig- 
and 14), was significantly 
lower among T2DM cases, 
after correction for multiple 
comparisons (P-value=1.22e- 

Figure 1. A: Quantile-quantile (QQ) plot of expected and observed P-values for each gene in the thiazide diuretics 
study comparing incident T2DM cases with non-cases. B: Volcano plot of (-log, base 10) P-value versus (log) fold-
change coparing incident T2DM cases with non-cases in the thiazide diuretics study. Top 5 genes (based on statisti-
cal test) and single top gene (based on fold-change) highlighted in blue.

Table 2. Top 10 Genes, Comparing T2DM Cases with Controls
Thiazide diuretic Study†

Gene Ratio of Means % FC P-value, unadjusted FDR/Q-value
CCL14 0.938 -6% 1.22E-6 0.026
MIR1226 1.108 11% 3.45E-5 0.363
OR2A7 1.053 5% 0.0002 0.837
TOP2A 1.113 11% 0.0002 0.837
EXT2 0.949 -5% 0.0003 0.870

Statin Study‡

Gene Fold change % FC P-value, unadjusted FDR/Q-value
ZNF532 1.150 15% 4.47E-6 0.058
CXORF21 1.105 11% 7.02E-6 0.058
ZNHIT3 1.185 19% 1.73E-5 0.096
EBAG9 1.098 10% 9.34E-5 0.332
PHF10 0.886 -11% 0.0001 0.332
†Analyses among thiazide users: adjusted for age; sex; BMI; chip; prior AF, MI, VTE, 
stroke; time taking thiazides; follow-up time; use of any other hypertension medica-
tion; 5 SVs. ‡Analyses among statin users: adjusted for age; sex; BMI; chip version; 
use of diuretics; use of any other hypertensive medications; 3 SVs.

06; Q-value: 0.0257), although the actual fold-
change was small (-6%) (Table 2). The other top 
‘gene’, ranked by statistical significance, was 
MIR1226 (P-value=3.45e-05; Q-value: 0.3629) 
and was up-regulated among T2DM cases, 
compared with controls. However, this gene 
and others did not reach statistical significance 
after correction for multiple testing. The top 
gene, ranked by fold-change (but which was not 
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statistically significant) was HLA-A29, highlight-
ed on the volcano plot in blue (Figure 1B).

The analyses among statin users (N=56), com-
paring incident T2DM cases (N=19) with con-
trols (N=37), included microarray-based RNA 
expression evaluation for 18,738 genes and 
RNA transcripts. The final estimated proportion 
of ‘null’ genes (π0) was 0.89. The QQ and vol-
cano plots (Figure 2A, 2B) of these differential 
expression analyses also indicated that most 
gene expression comparisons were not statisti-
cally significant. No gene expression difference 

between cases and controls surpassed statisti-
cal significance after multiple testing correc-
tions. However, some genes had marginally sig-
nificant Q-values. These included ZNF532 (zinc 
finger protein 532; up-regulated, Q-value= 
0.0584), CXORF21 (chromosome X open read-
ing frame 21; up-regulated, Q-value=0.0584), 
and ZNHIT3 (zinc finger, HIT-type containing 3; 
up-regulated, Q-value=0.0959). 

Table 3 provides detailed information for each 
of the top 5 genes for both the thiazide diuret-
ics study and the statins study.

Figure 2. A: Quantile-quantile (QQ) plot of expected and observed P-values for each gene in the statins study compar-
ing incident T2DM cases with non-cases. B: Volcano plot of (-log, base 10) P-value versus (log) fold-change coparing 
incident T2DM cases with non-cases in the statins study. Top 5 genes (based on statistical test) highlighted in blue.

Table 3. Detailed Information for Top 10 Gene Results
Gene Illumina Search Key Chr. Gene Full Name+ Aliases
CCL14 NM_032962.2 H. sapiens chemokine (C-C motif) ligand 14,  

transcript variant 2
SCYL2; NCC-2; MCIF; HCC-3; CC-3;  
SCYA14; CC-1; SY14; NCC2; HCC-1; CKb1

MIR1226 NR_031595.1 H. sapiens microRNA 1226, miRNA

OR2A7 NM_001005328.1 7 H. sapiens olfactory receptor, family 2,  
subfamily A, member 7

HSDJ0798C17; OR2A21

TOP2A NM_001067.2 17 H. sapiens topoisomerase (DNA) II alpha TOP2; TP2A

EXT2 NM_000401.2 11 H. sapiens exostoses (multiple) 2,  
transcript variant 1

SOTV

ZNF532 NM_018181.4 18 H. sapiens zinc finger protein 532 FLJ10697

CXORF21 NM_025159.1 X H. sapiens chromosome X open reading  
frame 21

FLJ11577

ZNHIT3 NM_001033577.1 17 H. sapiens zinc finger, HIT type 3,  
transcript variant 1

TRIP3

EBAG9 NM_198120.1 8 H. sapiens estrogen receptor binding site associated, 
antigen, 9, transcript variant 2

RCAS1; EB9; PDAF

PHF10 NM_133325.1 6 H. sapiens PHD finger protein 10,  
transcript variant 2

XAP135; FLJ10975; MGC111009

+All messenger RNA (mRNA) except where noted as micro RNA (miRNA).
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Discussion

Findings from our study suggest that, among 
users of thiazide diuretics or statins, there may 
be significant differences in gene expression in 
peripheral blood of individuals who subse-
quently developed incident diabetes (T2DM), 
compared with those who did not. The CCL14 
gene was differentially expressed (down-regu-
lated) among thiazide diuretic-users who devel-
oped T2DM, while some evidence for differen-
tial expression of ZNF532 (up-regulated), 
CXORF21 (up-regulated) and ZNHIT2 (up-regu-
lated) was observed among statin users who 
developed T2DM, compared to their respective 
controls. Identified genes are novel in terms of 
their associations with T2DM, and need to be 
confirmed in additional investigations.

Previous studies have reported increased risk 
of incident T2DM ranging from 20-80% in rela-
tion to use of thiazide diuretics [13-18]. In one 
major trial, thiazide use was associated with 
43% greater risk over 4 years, compared with 
use of another antihypertensive, but, overall, 
comparison groups vary widely and method-
ological issues limit the conclusiveness of the 
published data [1, 3, 19]. Hypokalemia and 
metabolic alkalosis resulting from thiazide 
diuretic use may lead to glucose intolerance 
and hyperglycemia [20]. Previously suggested 
mechanisms for these associations include 
inflammation, activation of the renin-angioten-
sin-aldosterone system, and decreases in adi-
ponectin [20, 21]. The CCL14 gene, differen-
tially expressed in our study, is one in a cluster 
of cytokine genes that is expressed in several 
tissues (such as spleen, liver, skeletal and 
heart muscle, gut, bone marrow), and its func-
tions involve calcium ion homeostasis, inflam-
mation/immune response, and cell signaling 
[22]. While previous studies reported associa-
tions of CCL14 genetic variation and CCL14 
protein levels with human diseases, such as 
bronchiolitis and SLE, to our knowledge it has 
not previously been associated with T2DM [23, 
24]. Given that inflammation is one of the 
hypothesized mechanisms linking thiazide 
diuretics with T2DM, and that previous reports 
have found inflammation and release of cyto-
kines/chemokines to be involved in T2DM 
pathogenesis, further research that explores 
the role of CCL14 in T2DM pathogenesis and 
the relationships between thiazide diuretics 
and T2DM is warranted [25].

The risk of incident T2DM associated with 
statin use has been estimated to range from 
9-70%; put another way, treatment of an esti-
mated 255 patients with statins for 4 years 
may result in 1 additional case of T2DM [2, 26, 
27]. Statins may lead to reduced insulin secre-
tion through competitive binding of HMG-CoA 
reductase or cytotoxicity, both of which may 
inhibit the normal function of pancreatic cells 
that regulate calcium channels and insulin 
secretion [28]. Statins may also disrupt insulin 
sensitivity by blocking insulin receptors via dis-
ruption of the Pi3K-pAkt-mTOR pathway [29]. In 
our study, expression of three genes, ZNF532, 
CXORF21, and ZNHIT3 was marginally associ-
ated with incident T2DM among statin users. 
Little is known about ZNF532 and CXORF21 
apart from their potential roles in transcription 
regulation [30, 31]. ZNHIT3, another transcrip-
tion regulator, interacts with well-described 
transcription factors (such as THRB, HNF4A, 
and TRIP3) which have roles in lipid and glu-
cose metabolism [32-34]. None of the three 
genes that we identified, however, has previ-
ously been directly linked with glucose metabo-
lism, insulin resistance, or reduced insulin 
secretion. Further studies are needed to evalu-
ate their relevance to incident T2DM. 

Drug-specific effects of statins on insulin sensi-
tivity, and thus T2DM risk, have been previously 
suggested [22, 24-26]. For instance, pravas-
tatin may improve insulin sensitivity while simv-
astatin, rosuvastatin, and atorvastatin may 
worsen it [26, 35-37]. We did not evaluate 
these drug-specific effects in relation to gene 
expression differences because the current 
study was conducted among members of a sin-
gle health plan with an established formulary, 
and so there was very limited variability in the 
different statins (atorvastatin, lovastatin, pra- 
vastatin) that were used. 

Some limitations of our study warrant mention. 
It is possible that there are gene expression dif-
ferences between cases and controls that did 
not result from use of statins or thiazides; 
future research may examine prospective, lon-
gitudinal data to confirm these findings. Case 
identification methods for these gene expres-
sion studies may limit external generalizability, 
especially for the statin analyses which were 
conducted from among subjects participating 
in ongoing gene expression studies. Pharmacy 



Gene expression: thiazides, statins, and diabetes

28 Int J Mol Epidemiol Genet 2014;5(1):22-30

record data were used to identify T2DM medi-
cation use as a proxy for disease status, which 
may misclassify preclinical, undiagnosed, or 
non-compliant diabetes patients. A priori 
hypothesized confounders were evaluated, but 
unmeasured confounders may exist. Differ- 
ential blood cell populations may exist between 
T2DM cases and controls, but it is not clear 
whether such a difference would represent a 
confounder or part of the causal pathway 
between medication use and incident diabetes; 
there was not statistical power to examine this 
question. It is possible that there is effect modi-
fication by the length of time having taken med-
ications before the blood draw date (lead time), 
but it was not possible to investigate this ques-
tion in the current study due to lack of statisti-
cal power. Although peripheral whole blood is 
likely to be reflective of systemic effects on 
gene pathways that are important in T2DM risk, 
it may not fully or adequately represent organ-
level gene expression differences important to 
development of T2DM. 

The high prevalence of thiazide diuretic and 
statin use underlines the need to develop a 
better understanding of adverse consequenc-
es of these medications. Our study and its find-
ings may contribute to these efforts. Future 
research in gene expression has great poten-
tial to further provide insight on these relation-
ships between thiazide diuretics or statins and 
T2DM, and to contribute to understanding of 
diabetes pathology, pharmacoepidemiology, 
and genetic epidemiology.
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