
ARTICLE

Expression of the oxygen-sensitive transcription factor
subunit HIF-1α in patients suffering from secondary
Raynaud syndrome
Lukas Andreas Heger1, Mark Kerber1, Marcus Hortmann1, Samuel Robinson2, Maximilian Mauler1,3, Daniela Stallmann1,
Daniel Duerschmied1, Christoph Bode1, Christoph Hehrlein1 and Ingo Ahrens1,4

Anti-ischemic therapy remains a challenge due to the complexity of hypoxia response pathways. Hypoxia-inducible factor (HIF)-1 is
a heterodimer transcription factor consisting of 2 subunits, HIF-1α and HIF-1β. Hypoxia-dependent activation of HIF-1α regulates
cellular O2 homeostasis. Raynaud syndrome (RS), as a comorbidity of the autoimmune disease systemic sclerosis (SS), is
characterized by vasospasms that limit blood flow to the limbs, resulting in hypoxia. A single-center randomized study
was conducted to compare prostaglandin E1 (PgE1) therapy with a treatment combining PgE1 and an endothelin-1 blocker,
bosentan. A total of 30 patients suffering from SS with RS were enrolled. We examined the regulation of HIF-1α, its target heme
oxygenase-1 (HMOX-1), and the serum levels of the HIF-1α protein in a subset of patients as well as in ten healthy individuals. The
expression of HIF-1α and HMOX-1 in monocytes was measured using absolute plasmid-based quantitative real-time PCR, whereas
serum HIF-1α levels were measured with ELISA. Samples were taken at the time of randomization and after 24 weeks. We found
that HIF-1α and HMOX-1 mRNA expression in monocytes and serum HIF-1α protein levels were significantly higher in the SS/RS
patients compared to the healthy control group. Single-drug therapy significantly increased HIF-1α and HMOX-1 mRNA expression
in monocytes and serum HIF-1α protein levels in the SS/RS patients compared to those at the time of randomization, whereas
combining PgE1 with an endothelin-1 blocker prevented the further increases in HIF-1α and HMOX-1 expression. We propose
HIF-1α and HMOX-1 as novel markers for anti-ischemic therapy in RS.
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INTRODUCTION
Hypoxia-inducible factor (HIF)-1 is a heterodimer transcription
factor that is upregulated under hypoxic conditions and plays a
significant role in maintaining the body’s O2 homeostasis [1]. HIF-1
regulates the expression of up to a hundred different genes
involved in glucose metabolism, angiogenesis, vascular tone, and
cell survival [2–5]. HIF-1 consists of a constitutively expressed beta
subunit (HIF-1β) and an oxygen-dependent alpha subunit (HIF-1α).
Under normoxic conditions, HIF-1α is rapidly degraded by a
proteasome, a process initiated by the von Hippel-Lindau tumor
suppressor. However, under hypoxic conditions, degradation of
HIF-1α is halted, and the subunit accumulates rapidly. The HIF-1α
subunit is then able to translocate into the nucleus, where it
dimerizes with HIF-1β and binds to short DNA sequences known
as hypoxia response elements; this binding induces the transcrip-
tion of certain genes such as heme oxygenase-1 (HMOX-1) and
endothelin-1 (ET-1) [2]. Moreover, HIF-1 itself is subject to
numerous regulatory mechanisms. For example, several studies
have indicated that HIF-1 effector enzymes, such as HMOX-1 and
ET-1, in turn stabilize HIF-1 expression and, when suppressed, lead

to reductions in HIF-1 expression [6]. Its diversity of action and its
complex regulation emphasize the importance of fully elucidating
the role of HIF-1 in different pathological mechanisms [7, 8].
In patients suffering from autoimmune diseases, such as the

connective tissue disease systemic sclerosis (SS), the extent of
oxidative stress and hypoxia is associated with patient outcome
and therapeutic success [9]. Consequently, HIF-1 has become of
great interest in the current research in this field, particularly since
it has been shown to be involved in persistent pathofibrogenesis
and vascular remodeling in SS [10–12].
Increased oxygen consumption and tissue hypoxia not only

contribute to the pathological hallmarks of SS—microangiopathy,
autoimmunity, and tissue fibrosis—but also play significant roles
in concomitant Raynaud syndrome (RS) [10, 11]. RS is part of the
classification criteria of the American College of Rheumatology
(ACR) and the European League Against Rheumatism (EULAR) for
SS and occurs in up to 98% of patients [12].
In affected patients, arterial vasospasm leads to intermittent

periods of decreased blood flow in the extremities. RS episodes
are often triggered by cold or emotional stress [13]. Affected
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extremities initially turn pale due to ischemia before turning blue
from the stasis of deoxygenated blood. Although episodes are
usually rapidly self-limiting, they can sometimes persist for hours.
After the spasm resolves, the resulting reoxygenation turns the
limbs red [14]. This cycle of transient vasospasm and resolution
puts affected patients at risk of tissue damage through ischemia
and reperfusion injury [15]. Frequent attacks of RS significantly
limit patients’ quality of life and can cause serious complications
such as gangrene and the need for amputation [15].
In many patients, RS represents the initial manifestation of SS

[11]; it has been postulated that RS contributes to the
pathophysiological cascade leading to vascular damage and could
be the initial trigger for the development of the disease [15, 16].
Recent findings suggest that hypoxia itself, primarily through the
activation of HIF-1 and the consequent stimulation of extracellular
matrix molecules, including collagen and fibronectin, promotes
structural changes in vessels [17].
Several compounds for pharmacotherapy in RS have been

proposed and have been subject to limited clinical trials; however,
at present, novel therapeutics lack sufficient evidence to support
their use [18–20]. Refractory and/or severe symptoms are of
particular interest for therapeutic research. Currently, patients with
threatened or established digital ischemia are treated with
intravenous prostanoids, such as prostaglandin E1 (PgE1) [21].
Furthermore, an orally administered inhibitor of the potent
vasoconstrictor ET-1 is suggested to limit the frequency and
severity of RS attacks [22].
As a potent regulator of immune and inflammatory reactions,

monocytes often accumulate in hypoxic areas and, through the
distribution of proangiogenic enzymes, participate in the adapta-
tion to hypoxia [23]. A number of recent studies have demon-
strated that monocytes adapt to hypoxia through upregulation of
numerous transcription factors, including HIF-1 [23, 24]. In SS
patients, monocytes have been found to contribute to oxidative
stress via alteration in their cytokine language and the increased
emission of reactive oxygen species (ROS) [25, 26].
This study aimed to (1) investigate HIF-1α expression in

monocytes of SS/RS patients compared to those of healthy
control individuals, (2) understand the effect of an established but
off-label therapy on HIF-1α, and (3) correlate HIF-1α expression to
serum levels of the HIF-1α protein and to the expression of the
downstream effector protein HMOX-1 in monocytes.

MATERIALS AND METHODS
Subjects
In this prospective, single-center randomized controlled trial, we
included 30 patients suffering from SS with RS (according to ACR
guidelines) who were admitted to the Interdisciplinary Vascular
Center of the University of Freiburg Heart Center from July 2011 to
December 2015. The study was approved by the local ethics
committee of the University of Freiburg (ethic number 58/11) and
published as a clinical trial (NCT01378845).
Written consent was obtained from all patients according to the

Declaration of Helsinki. After a screening during their first visit,
patients were randomly selected and randomized to two
treatment arms (1:1 ratio).
The first treatment group received a single PgE1 infusion

therapy with alprostadil (Hexal AG, Industriestr. 25, 83607
Holzkirchen, Germany) at a dose of 60 µg per day for 2 weeks.
The second treatment group received a combination therapy
composed of the aforementioned PgE1 regime and an additional
oral treatment with the dual endothelin receptor blocker bosentan
(Tracleer, Actelion Pharmaceuticals Dtl. GmbH, Konrad-Goldmann-
Straße 5B, 79100 Freiburg, Germany) in daily doses of 125mg for
4 weeks followed by daily doses of 250 mg until the end of the
study (24 weeks). Patients were excluded if they had received
intravenous prostaglandins within the previous 4 weeks, had used

phosphodiesterase inhibitors other than for intermittent treat-
ment of male erectile dysfunction or had received inhaled or oral
prostaglandins. Other exclusion criteria included a body weight <
40 kg, severe pulmonary arterial hypertension (WHO class III/IV),
moderate to severe hepatic impairment or serum aminotransfer-
ase levels >3 times the upper limit of the normal range, and
uncontrolled arterial hypertension. Patients were also excluded if
they had received systemic antibiotics to treat infected digital
ulcers prior to randomization. Contraceptive measures and
monthly pregnancy testing were required before enrollment in
the study. Safety was continually monitored to prevent adverse
events such as headaches, edema, abnormal liver function, and
anemia. In total, five patients were excluded from this clinical trial
due to adverse events (Table 1).

Biochemical measurements
We collected blood samples from included patients at the time of
enrollment and at the end of the study (after 24 weeks). Blood was
also obtained from a control group of 10 healthy donors.
Peripheral venous blood was collected and processed within 2 h;
serum was also collected and left to clot at room temperature for
30min before being centrifuged for 10min at 2000 rpm. Serum
samples were aliquoted and stored at −80 °C.

Purification of monocytes
Blood samples were layered in equal volumes onto Ficoll density
centrifugation media (Biocoll Separating Solution; Biochrom;
Leonorenstraße 2, 12247 Berlin, Germany) and centrifuged at
2000 rpm for 20 min. Thereafter, the interphase containing
peripheral blood mononuclear cells (PBMC) was carefully aspirated
and divided into 2 tubes. After thorough decontamination by
repeated pelleting and resuspension, each sample was stained
with Trypan blue (Thermo Fisher Scientific Inc. 15250-061) and the
exact number of isolated mononuclear cells was determined in a
Neubauer counting chamber (Celeromics Technologies, Av de la
Plata, 113, 46006 Valencia, Spain). Monocytes were isolated from
PBMCs through magnetic cell separation by depletion of non-
monocytes and were labeled using a cocktail of biotin-conjugated
antibodies and Anti-Biotin MicroBeads (Monocyte Isolation Kit II,
human; Miltenyi Biotec GmbH, 51427, Germany).

Absolute quantification of copy number
The enriched monocyte suspension was again pelleted, and Trizol
reagent (Ambion Life Technologies, CA, USA) was used to extract
RNA according to the manufacturer’s instructions. After spectral
photometric determination of RNA quality and quantity, we
generated cDNA templates for further PCR amplification and
downstream experiments (Maxima First Strand cDNA Synthesis Kit
for RT-qPCR with dsDNase, Thermo Fisher Scientific, MA, USA). To
create a reproducible and reliable standard curve for the following
qPCR, we equipped a plasmid with our cloned target sequences
using a pGEM-T Easy Vector System (Promega; Madison, WI, USA).
The material containing the constructed plasmids was sent to

Table 1. Adverse events

Patient ID Adverse event Medication

14 Rhinitis Combination therapy

16 Dizziness
Skin rash
Hypertension

Combination therapy

17 Leucopenia Combination therapy

20 Epigastralgia
ALT/AST elevation

Combination therapy

22 Rash Single-drug therapy
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Eurofins MWG Operon (85560 Ebersberg, Germany) for sequen-
cing. Standards were obtained by serial dilution of the dissolved
plasmids.
Using the aforementioned plasmid-based standard curve, we

quantified the absolute copy number of our target gene with the
double-stranded DNA-binding dye SYBR Green (Roche, Man-
nheim, Germany) using RT-qPCR. Runs were analyzed by Light-
Cycler 480 Software, Version 1.5. All results were measured in
duplicate, and the mean of each set of duplicates was used in
further analysis.
GAPDH was used as an endogenous control gene to normalize

all results. All primers were designed using Primer-Blast and were
acquired from Eurofins MWG Operon in 85560 Ebersberg
Germany. The sequences of the primers were as follows (forward,
reverse): TGAAGACATCGCGGGGACCG, TTCGCCGAGATCTGGCTG
CATC for HIF-1α; AGGTGACCCGAGACGGCTTCA, GGGCGAAGAC
TGGGCTCTCCT for HMOX-1; and GCTTCCTGCGAACACACAAG,
TCCATCTGCTGGTCAGCTTC for HIF-2α.

Serum HIF-1α protein level
We measured the HIF-1α protein level in blood samples using
a human HIF-1α ELISA kit (Abcam plc, Taipei City, Taiwan).

Statistical analysis
The primary objective of this study was to analyze the HIF-1α and
HMOX-1 mRNA expression in monocytes and the HIF-1α protein
levels in the serum of SS/RS patients and to compare the
expression and protein levels of patients to those in a healthy
control group. A further aim was to investigate HIF-1α and HMOX-
1 mRNA expression in the SS/RS group after two different therapy
regimes. On this basis, a total of 30 patients and 10 healthy
controls were enrolled in this study for analysis, and the patients
were randomized to either treatment arms.
Values were tested for a Gaussian distribution using the

D’Agostino-Pearson omnibus normality test with a 95% con-
fidence level. Continuous variables are presented as medians ±
lower and upper quartiles if they followed a non-Gaussian
distribution and as means ± SEM if they followed a Gaussian
distribution. Categorical patient characteristics are presented as
percentages. Non-normally distributed variables were tested using
the Mann–Whitney U-test, and normally distributed values were
tested using Student’s t-test. Categorical differences between
patient groups were compared using a Chi-square analysis.

Mixed ANOVA followed by post hoc Bonferroni testing was
used to determine differences between the two paired patient
groups.
A P-value of ≤0.05 was considered statistically significant for all

analyses. All analyses were performed using GraphPad Prism
Version 6.0 (Prism 6 for Mac OS X; GraphPad Software, Inc., La Jolla,
CA, USA).

RESULTS
Patient characteristics
The study population was composed of 66.7% women and 33.3%
men. The average age across all patients was 54.30 ± 13.25 years.
Table 2 illustrates the main baseline epidemiological and clinical
data of the patients. The baseline characteristics of these two
groups included age; weight; cigarette abuse; SS subtype, defined
as either diffuse or limited disease; the number of digital ulcers
at the time of inclusion; and current medications, including
Ca-channel blockers, nitroglycerin, phosphodiesterase inhibitors,
anticoagulants, and immunomodulators. There were significant
differences in the gender composition and number of patients
treated with immunomodulators and anticoagulants (P= 0.0005,
P= 0.0047, P= 0.0047) between the two therapy arms. There were
no other significant differences in baseline clinical characteristics.

HIF-1α protein in serum and HIF-1α mRNA expression in
monocytes of patients with RS and SS compared to a
healthy control group
Patients with SS/RS at the time of inclusion (n= 30) demonstrated
significantly higher serum levels of HIF-1α compared to the
healthy control group (n= 10) (166.5 (IQR 120–259.8) pg/mL vs. 76
(IQR 47–110) pg/mL; P= 0.0004) (Fig. 1a).
RT-qPCR analysis demonstrated that monocyte expression of

HIF-1α mRNA was significantly increased in patients with SS/RS
compared to the healthy control group (1325 (IQR 430.6–2505)
copies/µL vs. 257.8 (IQR 132.3–858.6) copies/µL; P= 0.0047)
(Fig. 1b).

HIF-1α protein levels in patient serum and mRNA expression in
monocytes of affected patients before and after the two therapy
regimes
Serum levels of HIF-1α were significantly increased in patients
treated with single-drug therapy for 24 weeks compared to the
baseline levels at the time of inclusion (426 (IQR 243–703) pg/mL
vs. 204 (IQR 129–325) pg/mL; P= 0.0002). In patients treated with
combination therapy, there was no significant difference between
serum HIF-1α levels after 24 weeks of treatment and baseline
levels (156 (IQR 97–241) pg/mL vs. 151 (IQR 117–220) pg/mL;
P > 0.999). At the end of the study, serum HIF-1α levels were
significantly higher in single-therapy patients compared to the
levels in those who received combination therapy (426 (IQR
243–703) pg/mL vs. 156 (IQR 97–241) pg/mL; P= 0.0094).
RT-qPCR analysis demonstrated significantly increased HIF-1α

mRNA expression in isolated monocytes from patients treated
with single-drug therapy after 24 weeks compared to the
expression at the time of inclusion (4111 (IQR 2320–6274)
copies/µL vs. 1040 (IQR 402.7–2914) copies per µL; P < 0.0001).
Patients treated with combination therapy demonstrated a trend
toward lower expression of monocyte HIF-1αmRNA after 24 weeks
of treatment compared to the expression at the time of inclusion,
but the difference was not significant (733 (IQR 330–1313) copies/
µL vs. 1897 (IQR 445–2451) copies/µL; P= 0.4292). At the end of
the study, patients who received single-drug therapy showed
significantly increased HIF-1α mRNA expression compared to
those who received combination therapy (4111 (IQR 2320–6274)
copies/µL vs. 733 (IQR 330–1313) copies/µL; P < 0.0001). There was
no significant difference between the two treatment groups in the
expression at the time of inclusion (P > 0.9999) (Fig. 2).

Table 2. Patient characteristics

Single-drug
therapy

Combination
therapy

P-value

Age 53.87 (±14.23) 54.73 (±12.69) 0.8615

Women % 56% 79% 0.0005*

Weight (kg) 73.53 (±20) 72.07 (±16.14) 0.8267

Diffuse SS type % 56% 53.3% 0.6701

Ca blockers % 37% 37% 1

Nitroglycerin % 6.7% 6.7 % 1

Phosphodiesterase % 6.7 % 6.7% 1

Anticoagulants % 56.2% 42% 0.0047*

Immunomodulators % 56.2% 42% 0.0047*

Digital ulcers at the time of
inclusion (previous/1/≥2) %

46%/33%/26% 40%/33%/20% 0.9623

Cigarette abuse (never/
previous/active)

60%/20%/26% 40%/20%/33% 0.7481

Values are presented as the means ± SEM or as %. n= 30
*P ≤ 0.05 was considered statistically significant
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HIF-1α target gene HMOX-1 expression in SS/RS patients
Included patients with SS/RS demonstrated significantly increased
expression of HMOX-1 mRNA in monocytes compared to the
healthy control group (74.9 SD ± 63.9 copies/µL vs. 18.01 SD ±
14.11 copies/µL; P= 0.0087). Patients treated with single-drug
therapy showed significantly increased HMOX-1 mRNA expression
after 24 weeks compared to expression at the time of inclusion
(204 (IQR 84–270) copies/µL vs. 49.9 (IQR 2.02–135) copies/µL; P=
0.0008). There was no significant difference in HMOX-1 mRNA
expression in patients treated with combination therapy after
24 weeks compared to the expression at the time of inclusion
(41.9 (IQR 10.9–132) copies/µL vs. 68.1 (IQR 23.8–162) copies/µL).
At the end of the study, patients treated with single-drug therapy
demonstrated significantly higher expression levels of HMOX-1
mRNA compared to patients treated with combination therapy
(204 (IQR 84–270) copies/µL vs. 41.9 (IQR 10.9–132) copies/µL; P=
0.0014) (Fig. 3).

HIF-2α expression is less pronounced than HIF-1α expression but
seems to follow similar expression patterns
Patients with SS/RS did not demonstrate significant differences in
HIF-2α mRNA expression compared to the healthy control group
(1.15 (IQR 0.086–7.38) copies/µL vs. 3.3 (IQR 2.225–5.538) copies/
µL). SS/RS patients treated with single-drug therapy demonstrated
increased HIF-2α mRNA expression in isolated monocytes after
24 weeks of therapy compared to the levels at the time of
inclusion (28 (IQR 13.5–56.4) copies/µL vs. 1.40 (IQR 0.0446–5.538)
copies/µL; P= 0.0014). Patients treated with combination therapy

demonstrated no significant differences in HIF-2α mRNA expres-
sion after 24 weeks of therapy compared to the levels at the time
of inclusion (4.89 (IQR 0.475–19.27) copies/µL vs. 1.15 (IQR
0.1–7.35) copies/µL; P= 0.9999) (Fig. 4).
At the end of the study, patients with SS/RS treated with single-

drug therapy showed higher levels of HIF-2α mRNA expression
compared to those treated with combination therapy (28 (IQR
13.5–56.4) copies/µL vs. 4.89 (IQR 0.475–19.27) copies/µL; P=
0.0019). There was no significant difference between the two
treatment groups in the expression at the time of inclusion (P >
0.9999).

DISCUSSION
In this study, we investigated, for the first time, the expression of
HIF-1α mRNA in the monocytes of patients suffering from SS with
RS. Furthermore, we compared the effects of 2 RS treatment
regimes on HIF-1α mRNA expression in monocytes.
The main objective of this study was to investigate whether

there is a distinct alteration in HIF-1α mRNA expression in the
monocytes of affected patients compared to healthy individuals
and whether currently established treatment regimes affect HIF-
1α mRNA expression.
We also investigated the concentrations of the HIF-1α protein in

serum and the expression of the HIF-1 effector enzyme HMOX-1 in
the monocytes of patients under the two different treatment
regimes.
The alpha subunit of the heterodimer transcription factor HIF-1

(HIF-1α) belongs to the basic helix-loop-helix/Per-ARNT-Sim
subfamily of eukaryotic transcription factors. In normoxia, HIF-1α
is a target for rapid proteasome degradation initiated by the von
Hippel-Lindau tumor suppressor. However, HIF-1α accumulates
rapidly during hypoxic states. Upon accumulation, the HIF-1α
subunit is able to translocate into the nucleus, where it dimerizes
with its counterpart HIF-1β and binds to hypoxia response
elements that are located within O2-regulating genes [1, 7, 8, 27].

Fig. 1 HIF-1α serum levels (a) and HIF-1α mRNA expression levels
in the monocytes (b) from the members of a healthy control group
(n= 10) and patients with SS/RS (n= 30) at the time of inclusion.
Data are presented as box plots with median and interquartile
range. **P < 0.01, ***P < 0.001

Fig. 2 HIF-1α serum levels (a) and HIF-1α mRNA expression in the
monocytes (b) from included patients (n= 30) before and after a
24-week treatment period with either single-drug therapy or
combination therapy. Data are presented as box plots with medians
and interquartile ranges. **P < 0.01, ***P < 0.001
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Recent studies have indicated a central role of HIF-1 in
influencing the adaptation and response of human monocytes
to hypoxia [24, 28].
Despite its intracellular location, HIF-1α can be detected

circulating in serum. Some evidence suggests that the serum
levels of HIF-1α may be useful biomarkers for patient outcome,
and high serum HIF-1α levels may be an independent risk factor in
coronary artery calcification [29]. HIF-1 affects and induces the

expression of numerous genes involved in maintaining home-
ostasis as oxygen concentrations change, including HMOX-1 [4].
Similar to HIF-1, HMOX-1 is thought to participate in the activation
and distribution of mononuclear cells, thereby modulating the
response to tissue hypoxia [30, 31].
The study of the influence and integration of the physiological

response and adaptation to hypoxia is a highly interesting field of
current medical research.
This study aimed to build on existing foundations and analyze

the effects of two different treatment regimes on HIF-1α
expression [32, 33].
Aside from its role in the body’s response to hypoxia, several

studies have demonstrated a potential role of HIF-1 in SS
pathogenesis and susceptibility [17, 34]. Some studies have
suggested that HIF plays a central role in tissue fibrosis, one of
the pathophysiological hallmarks of SS [35].
In this study, we have described, for the first time (to the best of

our knowledge), significantly increased levels of HIF-1α mRNA
expression in the monocytes of patients suffering from SS with RS
compared to the levels in healthy individuals. We have also
demonstrated alterations in HIF-1α mRNA expression in the
monocytes of patients treated with different therapy regimes.
Moreover, we have analyzed HIF-1α protein expression in serum,
which demonstrated patterns similar to those of monocyte mRNA
expression. Specifically, HIF-1α protein levels were higher in
patients with SS/RS than in healthy controls, and the levels were
distinctly different between treatment regimes within the patient
population. We believe that these results offer further insight into
the mechanisms regulating HIF-1 expression, particularly with
regard to the current idea that HIF-1 is mainly regulated by
changes in protein levels [36].
A possible explanation for the elevated HIF-1α mRNA levels in

the monocytes of patients suffering from SS/RS could be the
repetitive cycles of hypoxia and reoxygenation that occur in
Raynaud attacks [37]. Recent studies have indicated that free
radicals (i.e., ROS) that are released during such attacks induce HIF-
1α expression [37, 38]. Studies have also suggested that one
trigger of Raynaud attacks, exposure to cold weather, itself
induces ROS production, fueling the HIF-1α induction partly
through an ET-1-dependent pathway [39]. Furthermore, studies
have shown that ET-1, a vasoactive protein that is known to be
overexpressed in patients suffering from SS, stabilizes HIF-1α and
is induced by HIF-1 [40, 41]. This suggests that HIF-1α may be
involved in a self-perpetuating cycle via the induction of ET-1.
The aberrant HIF-1 physiology associated with RS suggests that

pharmacological targeting of HIF-1α expression may have an
impact on both the frequency and severity of Raynaud attacks. In
several studies, treatment with an endothelin blocker has been
associated with a decline in the occurrence of digital ulcers
[19, 22]. Moreover, the results of several studies support the use of
combination treatment in affected patients. In particular, the use
of vasodilating agents in combination with endothelin receptor
antagonists has shown therapeutic benefit [42, 43].
In this study, HIF-1α expression proved to be a distinctive

marker in differentiating between the two applied treatment
regimes. At the end of the study (after 24 weeks), patients treated
with single-drug therapy demonstrated significantly increased
HIF-1α expression, as well as increased HIF-1α serum levels,
compared to baseline levels, while patients treated with
combination therapy demonstrated nonsignificant differences in
HIF-1α expression with a trend toward lower expression. We argue
that the lower expression of HIF-1α at the end of therapy suggests
the superiority of combination therapy. Despite the positive
effects of HIF-1, it seems to be a marker of hypoxia and may
contribute to the progression of RS [7, 8, 35]. The higher
expression of HIF-1α in single-therapy patients is likely due to
disease progression. However, the short half-life of the single-drug
therapy combined with the long interval in between testing is a

Fig. 3 a HMOX-1 mRNA expression in the monocytes of included
patients (n= 30) compared to the expression in a healthy control
group (n= 10). Data are presented as the means ± SEM. b HMOX-1
mRNA expression in the monocytes of included patients before and
after a 24-week treatment period with either single-drug therapy or
combination therapy. Data are presented as box plots with medians
and interquartile ranges. (n= 30). **P < 0.01, ***P < 0.001

Fig. 4 HIF-2α mRNA expression in the monocytes of included
patients before and after a 24-week treatment period with either
single-drug therapy or combination therapy. Data are presented as
box plots with medians and interquartile ranges. (n= 30). **P < 0.01
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possible confounding factor [44]. In contrast, the combination
regime included the same single-therapy alprostadil regime
combined with additional continuous daily treatment with an
endothelin receptor blocker.
HIF-1α protein expression in serum has been shown to be an

independent marker for patient outcome in acute ischemic stroke,
and studies have demonstrated that high serum HIF-1α levels are
likely a risk factor for coronary calcification [29, 45]. In our study,
we found higher serum levels of HIF-1α protein in SS/RS patients
than in a healthy control group. Our results show similarities
between the HIF-1α mRNA expression in monocytes and the HIF-
1α protein levels in serum. The similarities suggest that monocytes
may be partly responsible for the distribution of the HIF-1α protein
in serum and may therefore be potential targets for future
therapeutic approaches.
In this study, we also found that HMOX-1 mRNA expression in

monocytes was significantly increased in SS/RS patients compared
to healthy control subjects. This might reflect a close interaction
between HIF-1 and HMOX-1. HMOX-1 is a microsomal membrane
enzyme that initiates the catabolism of free heme, thereby
initiating the clearance of toxic ROS catalyzed by heme. Studies
have shown increased HMOX-1 activity in hypoxic cells compared
to normoxic cells [46]. HIF-1 mediates the transcriptional activa-
tion of the HMOX-1 gene in response to hypoxia [4]. HMOX-1 is
believed to be a stress defense molecule. Several studies have
demonstrated elevated levels of HMOX-1 mRNA expression in the
fibroblasts of SS patients, which increases their reactivity to
hypoxia [47]. Similar patterns seem to exist in the monocytes of
SS/RS patients, suggesting a more sensitive and pronounced
reaction to hypoxia than in healthy individuals. In several studies,
HMOX-1 has been shown not only to act as a downstream effector
enzyme, translating HIF-1’s cytoprotective effect into action [48],
but also to promote the expression of HIF-1 itself [6]. In the current
study, HMOX-1 expression in monocytes expectedly followed
similar patterns in both SS/RS treatment groups. This study
provides evidence of increased HMOX-1 expression in patients
treated with single-drug therapy after 24 weeks, as well as
expression similar to that at the time of inclusion in the
combination treatment group after 24 weeks. This provides
further evidence of a close interaction between HIF-1 and
HMOX-1 during the body’s adaptation to hypoxia.
In this study, we also analyzed the monocyte expression of HIF-

2α mRNA, another isoform of the HIF family [48]. The aim was to
further understand the role of HIF-2α in the hypoxia response. HIF-
2α mRNA expression in monocytes appeared to show the same
expression patterns as HIF-1α in affected patients as well as the
same patterns during the course of therapy [49], indicating a
similar physiological role for both HIF-1 isoforms and suggesting
that both isoforms are likely subject to similar regulatory
mechanisms.

LIMITATIONS
The results of this study supported our hypothesis. However, our
study has several limitations. First, patient recruitment in this
study occurred throughout the duration of the year. Conse-
quently, some patients were included in winter, when RS attacks
are more commonly seen, while other patients where included
during the warmer months. In addition, in future studies, it would
be of interest to investigate the dynamics of HIF-1α expression
throughout the course of treatment rather than at a single
endpoint, especially as six months exceeds the known therapeutic
effect of the prostaglandins used in single-drug therapy.
Furthermore, while RS was clearly a distinctive feature of the
included patients, the underlying SS varied considerably in its
severity, suggesting that stricter inclusion criteria should be used
in future studies. Moreover, there were significant differences in
the gender composition and in the number of patients treated

with immunomodulators and anticoagulants between the two
therapy arms. Hence, our results may be subject to bias.
Finally, patients at different stages of the disease were included.
Through patient-wise pairing of the data and application of the
respective paired statistical tests, this limitation was taken into
account. However, given the statistically low number of patients, a
confounding effect on the data cannot be ruled out. Finally, our
data suggest that further investigation into clinical endpoints,
such as patient outcome and the effects of the different therapy
regimes on the severity and number of Raynaud attacks, would be
valuable. This is the subject of an ongoing investigation.

CONCLUSION
We describe, for the first time (to our knowledge), significantly
increased levels of HIF-1α mRNA expression in the monocytes, as
well as elevated HIF-1α protein levels in the serum, of patients
suffering from SS and RS compared to healthy control subjects. In
a unique approach, we analyzed HIF-1α expression in the context
of two different therapy regimes and provide evidence of a
therapy-related difference in expression and serum levels. We also
demonstrate a correlation between increased HIF-1α mRNA
expression in monocytes and increased levels of an HIF-1 target,
HMOX-1, indicating a close interaction between these factors and
stressing the importance of HIF-1α mRNA expression in mono-
cytes for the response to hypoxia.
In summary, HIF-1α shows promise as a potential indicator for

the identification of SS/RS patients and possibly exhibits value as a
marker for therapeutic efficacy. Our data warrant further validation
in larger clinical trials.
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