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In different pathophysiological conditions plasminogen activator inhibitor-1 (PAI-1) plasma concentrations
are elevated. As dietary patterns are considered to influence PAI-1 concentration, we aimed to determine
active PAI-1 plasma concentrations and mRNA expression in adipose tissue before and after consumption
of a high-fat diet (HFD) and the impact of additive genetic effects herein in humans. For 6 weeks, 46 healthy,
non-obese pairs of twins (aged 18–70) received a normal nutritionally balanced diet (ND) followed by an
isocaloric HFD for 6 weeks. Active PAI-1 plasma levels and PAI-1 mRNA expression in subcutaneous adipose
tissue were assessed after the ND and after 1 and 6 weeks of HFD. Active PAI-1 plasma concentrations
and PAI-1 mRNA expression in adipose tissue were significantly increased after both 1 and 6 weeks of
HFD when compared to concentrations determined after ND (p < .05), with increases of active PAI-1 being
independent of gender, age, or changes of BMI and intrahepatic fat content, respectively. However, analysis
of covariance suggests that serum insulin concentration significantly affected the increase of active PAI-1
plasma concentrations. Furthermore, the increase of active PAI-1 plasma concentrations after 6 weeks of
HFD was highly heritable (47%). In contrast, changes in PAI-1 mRNA expression in fatty tissue in response to
HFD showed no heritability and were independent of all tested covariates. In summary, our data suggest
that even an isocaloric exchange of macronutrients — for example, a switch to a fat-rich diet — affects
PAI-1 concentrations in humans and that this is highly heritable.
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During the last decades, data accumulated suggesting
that plasminogen activator inhibitor-1 plasminogen acti-
vator inhibitor-1 (PAI-1) might be critical in many dis-
ease processes such as cardiovascular and metabolic dis-
eases and even cancer (for overview, see Cesari et al.,
2010; De Taeye et al., 2005; Gramling & Church, 2010;
Iwaki et al., 2012). Indeed, it has been shown that PAI-
1 contributes to the etiology of diseases like thrombo-
sis, fibrosis, and atherosclerosis, not only through al-
tering activities of plasminogen activators and matrix
metalloproteinases subsequently affecting fibrinolysis and
back-down of extracellular matrix, but also through alter-
ing various cell signaling processes (Alessi & Juhan-Vague,
2006; Flevaris & Vaughan, 2017; Gramling & Church,
2010). Indeed, PAI-1 has been shown to alter the activation

of hepatocyte growth factor / c-met-dependent signaling
cascades through urokinase-type plasminogen activator-
dependent mechanisms, thereby affecting disease devel-
opment and progression (Kanuri et al., 2011a; Matsuoka
et al., 2006; Sisson et al., 2009). While being expressed in
many different cell types (for overview, see Cesari et al.,
2010; Devaraj et al., 2003), hepatic and adipose tissue are
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being discussed to be the key regulating tissues involved in
maintaining PAI-1 plasma concentrations (Alessi et al.,
1997, 2003; Crandall et al., 1999; Eriksson et al., 1998;Mavri
et al., 2001). In plasma, PAI-1 is present in three intercon-
vertible forms: an active conformation, which is stabilized
through vitronectin and forms complexes with plasmino-
gen activators thereby resulting in their inhibition, a latent
and a substrate form, respectively (for overview, see Yasar
Yildiz et al., 2014). For the latter forms, no effects on pro-
tease activity have been shown (Yasar Yildiz et al., 2014).
Furthermore, expression and plasma concentration of PAI-
1 are also regulated through various factors like other pro-
inflammatory mediators and endotoxins (for overview, see
Cesari et al., 2010), as well as body weight (Appel et al.,
2005; Lichtash et al., 2013), and insulin sensitivity (Bastard
et al., 2000). In addition, gender (Krishnamurti et al., 1988;
Zhang et al., 2014), age (Eren et al., 2014; Krishnamurti
et al., 1988), and race/ethnicity (Lutsey et al., 2006) have
also been suggested to affect PAI-1 expression and plasma
protein concentrations. Results of recent studies further
suggest that PAI-1 plasma concentrations are also modu-
lated by additive genetic effects. Indeed, it has been esti-
mated from the results of family and twin studies that 24–
71% of PAI-1 plasma concentrations might be determined
through additive genetic effects (Best et al., 2004; Cesari
et al., 1999; de Lange et al., 2001; Henry et al., 1998; Hong
et al., 1997; Peetz et al., 2004). However, effects of diet and
additive genetics on PAI-1 expression in adipose tissue and
plasma concentrations have not yet been studied in detail.

Studies in rodents suggest that a diet rich in fat is criti-
cal in the development of many metabolic diseases (Amar
et al., 2008; Díaz-Rúa et al., 2016; Jacob et al., 2013). Indeed,
PAI-1 plasma concentrations were shown to be increased
inmice fed a hypercaloric high-fat diet (HFD; Lijnen, 2005;
Piao et al., 2016). However, in most of these mouse experi-
ments, HFDswere not only associatedwith increased PAI-1
concentrations but also increased bodyweight gain, thereby
precluding a clear determination of effects related to diet
and/or weight gain/increased adipose tissue mass (Lijnen,
2005; Piao et al., 2016). Furthermore, results of Kalupahana
et al. (2011) obtained in mouse feeding studies suggest that
alterations of PAI-1 concentration might be persistent. In-
deed, in these studies it was shown that even after normaliz-
ing body weight back to that of controls, PAI-1 plasma con-
centrations of mice exposed to a HFD for 6 months were
still significantly higher after body weight was normalized
(Kalupahana et al., 2011). In contrast, in human interven-
tion studies, PAI-1 plasma concentrations were not affected
by a HFD; however, most studies so far were either rather
small (13 subjects) (Marckmann et al., 1992) or short-term
(3 days,) and subjects differed in fat intake at study baseline
(Ho et al., 1995).

Starting from this background, the aim of the present
study was to determine if a short (1 week) or long-term (6
weeks) consumption of an isocaloric HFD has an effect on

active PAI-1 concentrations in plasma andPAI-1mRNAex-
pression in adipose tissue of healthy non-obese adults, and
whether this effect is dependent on gender, age, or changes
of other parameters associated with the intake of a HFD or
heritability.

Materials and Methods
Subjects

The study was performed in accordance with the ethical
principles of the Declaration of Helsinki and good clinical
practice. The trial is registered at http://www.clinicaltrials.
gov (NCT01631123) and the protocol was approved by the
ethics committee of the Charité-University of Medicine,
Berlin. All participants signed written informed consent
prior to the study. As detailed before (Schüler et al.,
2017), a total of 34 monozygotic and 12 dizygotic non-
obese twin pairs, aged 18–70 (34 males, 58 females) and a
BMI difference between twins of <3 kg/m2 were included
in the study. Subjects were recruited in Germany in the
Berlin-Brandenburg area from a twin register (HealthTwiSt
GmbH, Berlin, Germany), through regional newspaper ad-
vertisements or information brochures. Criteria for exclu-
sion defined before the study were chronic diseases, drugs
affecting the metabolism, pregnancy, or breastfeeding, and
a weight change of >3 kg/m2 within 3 months prior to the
study.

Dietary Intervention

To standardize participants with regard to fat intake, all
study participants were trained to eat a diet according to the
recommendation of the German Nutrition Society (DGE;
normal diet, ND) as detailed before (Schüler et al., 2017). In
brief, absolute energy intake was in accordance to the en-
ergy needs of subjects as determined by calculating basal
resting energy expenditure through indirect calorimetry,
also considering physical activity level, age, and gender. In
addition, during the first study phase, energy intake was as-
sessed by 5-day-dietary protocols and adjusted in case dis-
crepancies were found between initial calculations and re-
sults of these protocols. Furthermore, participants were in-
structed to take in 30% E as fat, 55% E as carbohydrates,
and 15% E as protein for the first 6 weeks of the study.
Thereafter, dietary intakewas changed to an isocaloricHFD
consisting of 45% E fat, 40% E carbohydrates, and 15% E
protein for the next 6 weeks, including two investigation
days (one after 1 week of high-fat diet [HFD1] and one af-
ter 6 weeks of high-fat diet [HFD6]; also see Figure 1 for
study design). One week before tissue und blood samples
were collected, participants were asked to consume a stan-
dardized diet, of which 70% of foodstuffs were provided.
The remaining time of the study period, participants re-
ceived a list with 94 food products that they were told to
either prefer or avoid during the different dietary inter-
vention periods. During the nutritional intervention phase,
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FIGURE 1
Study design. Note: ND = normal diet for 6 weeks; HFD1= high-fat diet for 1 week; HFD6 = high-fat diet for 6 weeks; OGTT = oral
glucose tolerance test.

participants were regularly (seven times during the entire
study) nutritionally counseled by an experienced dietician
as detailed in Figure 1.

Assessment of Health Status

As detailed by Schüler et al. (2017), general health parame-
ters, including anthropometric measurements and routine
blood parameters, were assessed for each participant dur-
ing an initial health screen before the study began. All par-
ticipants underwent a physical examination and anamnesis
and an oral glucose tolerance test, with blood samples being
drawn for the latter 0, 30, 60, 90, 120, and 180 minutes after
ingestion of glucose.

After ND, and after 1 and 6 weeks of HFD, respectively,
blood, an adipose tissue biopsy and anthropometric data
were collected as detailed by Schüler et al. (2017). Fur-
thermore, magnetic resonance imaging to measure the in-
trahepatic lipid content (IHL) was performed and mark-
ers of insulin resistance like serum insulin and glucose
concentrations were assessed in fasting blood samples (see
Figure 1). Results of these measurements were used to de-
termine homeostaticmodel assessment of insulin resistance
(HOMA-IR); however, due to outlier removal, it was not
possible to determine HOMA-IR for all study participants
(number of subjects removed for calculation of HOMA-IR:
ND: n = 5, HFD1: n = 3, HDF6: n = 2).Tissue and blood
samples were stored at -80 °C until further analysis.

Adipose Tissue Biopsy and Gene Expression Analyses

After local anaesthesia (1% lidocain) approximately 1 g
of tissue was taken from subcutaneous (s.c.) adipose tis-
sue fat pads, lateral to the umbilicus, using needle aspi-

ration. After rinsing briefly with 0.9% NaCl saline, the
tissue was immediately snap frozen in liquid nitrogen
and stored at -80 °C for further analyses. Adipose tissue
mRNA extraction, cDNA synthesis, and quantitative real-
time PCR were performed, as detailed before by Schüler
et al. (2017). Primer sequences used were as follows:
PAI-1 forward: 5ʹ–CGACATCCTGGAACTGCCCTACC–
3ʹ and reverse: 5ʹ–CACTGTGCCGCTCTCGTTCAC–3ʹ,
and 60S ribosomal protein L32 (RPL32) forward: 5ʹ–
CAACGTCAAGGAGCTGGAAGT–3ʹ and reverse: 5ʹ–
TTGTGAGCGATCTCGGCAC–3ʹ, the latter serving as a
reference gene.

Active PAI-1 and Markers of Insulin Resistance

Concentrations of functionally active PAI-1 in fasting
plasma and serum insulin levels were assessed using com-
mercially available enzyme-linked immunosorbent assay
(ELISA) kits (PAI-1: LOXO, Dossenheim, Germany; In-
sulin: Mercodica AB, Uppsala, Sweden) in accordance with
the manufacturer’s instructions. For the measurement of
glucose concentrations in serum samples, the hexokinase
method described by Slein et al. (1950) was used. HOMA-
IR was calculated as follows: fasting insulin (mU/L) × fast-
ing glucose (mmol/L)/22.5.

Statistical Analysis

Before releasing data for analysis, an analysis of plausibil-
ity was performed and unusual values that were outside of
3-fold interquartile range (IQR) were declared as extreme
outliers and not considered in further analysis. For anthro-
pometric parameters, no outliers were found. The number
of outliers for the other parameters (active PAI-1 plasma
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concentration and PAI-1 mRNA expression in adipose
tissue, IHL, fasting glucose, and insulin) was 0–3 depend-
ing on time point and variable measured. For the study of
heritability, the ACE model was applied as detailed before
(Schüler et al., 2017). The ACE model was also checked
against the simplerAE-model (C= 0), based on a likelihood
ratio test and replaced if necessary. Heritability was defined
asA = σ2

a2/σ2
total

withσ2
total = σ2

a2 + σ2
c2 + σ2

e2 , and the rest of
the variance components were defined the same way withC
for the common environment and E for the individual envi-
ronment. An A value greater than 0.40 was defined as high
heritability and used as threshold. Kendall rank correlation
coefficientwas used to determine correlations betweenPAI-
1 mRNA expression in adipose tissue and active PAI-1 in
plasma. To investigate the changes of the parameters, a uni-
variate analysis of variance (ANOVA) with repeated mea-
sures and Bonferroni adjustment was used. The require-
ments for the ANOVAwere tested by the Shapiro–Wilk test
and Mauchly’s sphericity test with ln- and/or Greenhouse-
Geisser transformation if necessary. Age (as tertiles), sex,
as well as the changes of BMI, waist-to-hip ratio (WHR),
insulin, HOMA-IR, and IHL were used as covariates in an
ANOVA to identify confounding effects on active PAI con-
centrations and mRNA expression.

Unless otherwise stated, a significance level of α = 0.05
was used. If the global significance level had to be ad-
justed due to multiple testing, the Bonferroni method was
used. Specifically, when comparing the three different time
points, three hypotheses were tested in parallel, resulting in
αnew = 0.016̄. However, the alpha was not adjusted by di-
viding with the number of hypotheses; rather, we adjusted
the p value by multiplication. All values are given as me-
dian and IQR. The calculations were performed with IBM
SPSS Statistics (version 20) and the integrated development
environment RStudio (version 0.98.1091), which is based
on R (version 3.1.2). The ACE model was executed in an
older version of R (version 2.1.5), since the necessary pack-
age OpenMX was not upward compatible. Graphs were de-
signed with GraphPad Prism (Software version 6, US).

Results
Characteristics of Study Participants

Characteristics of participants have in part been published
before (Schüler et al., 2017) and are briefly summarized in
Table 1. Of the 94 study participants enrolled in the study,
92 completed the intervention and were included in the fi-
nal analyses. All participants were healthy according to the
health assessment, non-obese, with a mean WHR within
the normal range as defined by others before (Deutsche
Gesellschaft für Sportmedizin und Prävention, 2007). Fast-
ing glucose and insulin concentrations were also within the
normal range (Table 1).

Effect of an isocaloric HFD on active PAI-1 plasma con-
centrations and PAI-1 mRNA expression in adipose tissue as

TABLE 1
Characteristics of Study Participants Before the Study

Screening

Twin pairs (monozygotic/dizygotic) 34/12
Gender (female/male) 58/34
Age (years) 24.5 (21.0; 43.0)
Bodyweight (kg) 64.1 (59.3; 76.9)
BMI (kg/m2) 22.5 (20.9; 24.7)
WHR 0.80 (0.76; 0.86)
Fasting glucose (mmol/L) 3.98 (4.31; 4.63)
Fasting insulin (mU/L) 3.83 (2.90; 5.83)
HOMA-IR 0.58 (0.71; 1.16)
PAI-1 (U/mL) 9.00 (3.88; 14.50)

Note: Data shown as median with interquartile range in parenthesis. BMI
= body mass index; HOMA-IR = homeostatic model assessment of
insulin resistance; PAI-1 = plasminogen activator inhibitor-1; WHR =
waist-to-hip ratio.

well as metabolic parameters and correlation analysis of ac-
tive PAI-1 plasma concentrations and PAI-1 mRNA expres-
sion in adipose tissue.WHR, fasting glucose concentrations
and IHL were not affected by changing the diet of partici-
pants to a HFD for 1 week or 6 weeks, respectively; how-
ever, both body weight and BMI of participants, as already
reported (Schüler et al., 2017), were slightly increased af-
ter 6 weeks of consuming a HFD (mean difference: BMI +
0.14 kg/m2; body weight + 0.40 kg, p < .05). After 1 week
of HFD, fasting insulin concentrations and HOMA-IR of
study participantswere significantly higherwhen compared
to concentrations determined after consuming the ND (p
< .05 for both; see also Table 2); however, after 6 weeks of
HFD, neither parameters differed from values determined
after the ND or 1 week of HFD. Furthermore, after the first
week of changing from a ND to HFD, both active PAI-1
concentrations in plasma and PAI-1 mRNA expression in
s.c. adipose tissue increased significantly (p< .05 for both).
This effect was still found after 6 weeks of HFD (p < .05
for both parameters); however, active PAI-1 plasma con-
centrations and mRNA expression of PAI-1 in s.c. adipose
tissue were increased to a similar extent after 1 week and 6
weeks of HFD, respectively, when compared to ND (ns; see
Figure 2).

To determine whether mRNA expression of PAI-1 was
related to active PAI-1 plasma levels, a correlation analy-
sis was performed. While after 6 weeks of the ND, PAI-1
mRNA concentrations in s.c. adipose tissue and active PAI-
1 plasma concentrations were not related (τ = 0.0582; p
=.4362) a significantly positive correlation of both parame-
ters was found after 1 and 6 weeks of HFD (HFD 1 week: τ:
= 0.2645, p = .0004; HFD 6 weeks: τ = 0.2561, p = .0008).

Effect of metabolic parameters on active PAI-1 plasma
concentrations and PAI-1 mRNA expression in s.c. adipose
tissue after changing dietary patterns. Statistical analysis re-
vealed that the increases of PAI-1 activity in plasma and
mRNA expression in fatty tissue after 1 and 6 weeks of
HFD, respectively, when compared to ND, was indepen-
dent fromcovariates like gender and age tertiles (first tertile:
18–22 years, second tertile: 23–30 years, third tertile: 36–70

TWIN RESEARCH AND HUMAN GENETICS 341

https://doi.org/10.1017/thg.2017.36 Published online by Cambridge University Press

https://doi.org/10.1017/thg.2017.36


A. J. Engstler et al.

TABLE 2
Anthropometric and Metabolic Parameters After the Normal Diet and One Week
as Well as Six Weeks of HFD

ND HFD1 HFD6

Bodyweight (kg) 64.0 (58.6; 74.9)a 63.4 (59.1; 74.5)a 64.2 (58.6; 76.2)b

BMI (kg/m2) 22.2 (20.6; 24.2)a 22.1 (20.6; 24.0)a 22.5 (20.6; 24.4)b

WHR 0.80 (0.75; 0.85)a 0.80 (0.75; 0.84)a 0.79 (0.74; 0.84)a

Fasting glucose (mmol/L) 5.02 (4.68; 5.48)a 5.18 (4.77; 5.53)a 5.13 (4.75; 5.58)a

Fasting insulin (mU/L) 3.81 (2.82; 5.41)a 4.67 (3.40; 6.41)b 4.54 (2.88; 5.80)a,b

HOMA-IR 0.87 (0.60; 1.28)a 1.08 (0.74; 1.47)b 1.07 (0.63; 1.36)a,b

IHL (%) 0.96 (0.56; 1.67)a 0.85 (0.57; 1.78)a 0.98 (0.53; 2.16)a

Note: Data shown as median with interquartile range in parenthesis. Values in a row without a com-
mon letter differ significantly with p < .05 after adjustment for multiple testing (Bonferroni).
BMI = body mass index; HFD1 = high-fat diet for 1 week; HFD6 = high-fat diet for 6 weeks;
HOMA-IR = homeostatic model assessment of insulin resistance; IHL = intrahepatic lipid
content; ND = normal diet; WHR = waist-to-hip ratio.

FIGURE 2
Active PAI-1 concentration in plasma and PAI-1 mRNA expression
in adipose tissue after normal and high-fat diet. Note: (A) Active
PAI-1 concentration in plasma and (B) PAI-1 mRNA expression in
adipose tissue normalized to a housekeeping gene (RPL32). Data
are expressed as median and interquartile range. *p < .05, **p <

.01, ***p< .001 after adjustment for multiple testing (Bonferroni).
ND = normal diet for 6 weeks; HFD1 = high-fat diet for 1 week;
HFD6 = high-fat diet for 6 weeks; PAI-1 = plasminogen activator
inhibitor-1.

TABLE 3
Influence of Age, Gender and Metabolic Parameters on Active
PAI-1 Plasma Concentrations and PAI-1 mRNA Expression in
Adipose Tissue When Participants Changed Dietary Intake From
a Normal to a HFD for 1 Week or 6 Weeks

PAI-1 mRNA
Active PAI-1 expression

�ND/HFD1 Gender ns ns
Age_tertilesa ns ns
BMI ns ns
WHR ns ns
Insulin ∗∗ ns
HOMA-IR ∗ ns
IHL ns ns

�ND/HFD6 Gender ns ns
Age_tertilesa ns ns
BMI ns ns
WHR ∗ ns
Insulin ∗ ns
HOMA-IR ns ns
IHL ns ns

Note: aAge tertiles = first tertile: 18–22 years, second tertile: 23–30 years,
and third tertile: 36–70 years. *p < .05; **p < .01. BMI = body mass
index; HOMA-IR = homeostatic model assessment of insulin resis-
tance; ND = normal diet for 6 weeks; HFD1 = high-fat diet for 1
week; HFD6 = high-fat diet for 6 weeks; HFD = high fat diet; IHL =
intrahepatic lipid content; ns = not significant; WHR = waist-to-hip
ratio.

years), as well as from changes of BMI and IHL. Statistical
analysis further revealed that fasting insulin concentration
was the only covariate tested that affected the increase of ac-
tive PAI-1 plasma levels found when participants changed
from a ND to HFD (both time points). The change in
HOMA-IR was only significantly associated with the in-
crease of active PAI-1 found after 1 week of HFD, while for
changes in WHR, a similar association was only found af-
ter 6 weeks of HFD. In contrast, changes in PAI-1 mRNA
expression in adipose tissue found when subjects changed
from the normal diet to the HFD were independent from
changes of all parameters analyzed (see Table 3).

Effect of heritability on changes of active PAI-1 concentra-
tions in plasma and PAI-1 mRNA expression in s.c. adipose
tissue in response to alterations of dietary pattern. To inves-
tigate whether the increases found in active PAI-1 concen-
trations in plasma and PAI-1 mRNA expression in adipose
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FIGURE 3
Relative distribution of variance determined by additive genetic
effects (heritability) and environment of active PAI-1 concentra-
tions in plasma. Note: Distinction of heritability and environmen-
tal effects on (A) basal concentrations after normal diet and 1 and
6 weeks of high-fat diet and (B) on the changes of active PAI-1.
ACE model: A = additive genetics; E = environment. ND = nor-
mal diet for 6 weeks; HFD1 = high-fat diet for 1 week; HFD6 =
high-fat diet for 6 weeks.

tissue in response toHFD are inherited, the ACEmodel was
used to distinguish heritability and environmental effects.
Active PAI-1 plasma levels showed no heritability (A= 0.0)
when subjects consumed a ND, whereas when a HFD was
eaten heritability estimates increased to 13% and 47% af-
ter 1 and 6 weeks of HFD, respectively (HFD1, A = 0.134;
HFD6, A = 0.471; see Figure 3). Furthermore, it was deter-
mined, if changes of active PAI-1 plasma levels found when
subjects changed dietary pattern from the ND to the HFD
were heritable. The response to HFD consumed for 1 week
showed no heritability, while changes from ND to HFD for
6 weeks showed a heritability of∼47% (A= 0.473). In con-
trast to plasma concentrations, statistical analysis revealed
that PAI-1 mRNA expression in adipose tissue showed no
heritability regardless of diet consumed (A= 0.0 after every
investigation day, data not shown). In addition, the changes
in PAI-1 mRNA expression from ND to those determined
after 1 or 6 weeks of HFD, respectively, were also found not
to be heritable (A = 0.0).

Discussion
Results of several studies suggest that increased PAI-1 ex-
pression in liver or adipose tissue as well as elevated PAI-
1 plasma concentrations — be they total or active — are
associated with various nutrition-associated diseases (for
overview, see Van De Craen et al., 2012). Indeed, it has
been shown in mice that knocking down PAI-1 is as-
sociated with a marked protection against the develop-
ment of early phases of non-alcoholic fatty liver disease
(NAFLD) but also fibrosis and alcohol-induced steatohep-
atitis (Bergheim,Guo,Davis, Duveau et al., 2006; Bergheim,
Guo, Davis, Lambert et al., 2006; Kanuri et al., 2011a). In

these studies, it was shown that PAI-1 is not only involved in
the onset of fibrosis but also seems tomodulate hepatic lipid
export (Kanuri et al., 2011a). Furthermore, weight loss—be
it achieved through exercise, energy restriction, or a com-
bination of both — has been reported to be associated with
decreased PAI-1 plasma concentrations in humans (Izad-
panah et al., 2012; Morel et al., 2011; Österdahl et al., 2008).
Results of other studies suggest that PAI-1 concentrations
in plasma might already be altered by changes of dietary
pattern, such as an increased intake of fiber or total pro-
tein (Ampatzoglou et al., 2016; Kashino et al., 2015; Liese
et al., 2009; Mortensen et al., 2010). Furthermore, some
studies also suggest that 24–71% of PAI-1 expression and
plasma concentration might be regulated through additive
genetic effects (Best et al., 2004; Cesari et al., 1999; de Lange
et al., 2001; Henry et al., 1998; Hong et al., 1997; Peetz et al.,
2004). However, knowledge of the impact of dietary pattern
and especially a fat-rich, normo-caloric diet but also heri-
tability in the regulation of PAI-1 is rather limited. In the
present study, using a population of monozygotic and dizy-
gotic twins, we aimed to delineate the impact of dietary pat-
tern and heritability on active PAI-1 plasma concentrations
and PAI-1 mRNA expression levels in adipose tissue.

While WHR, fasting glucose concentrations, IHL, and
body weight as well as BMI were not altered after 1 week of
HFD, fasting insulin, HOMA-IR, and active PAI-1 plasma
concentrationswere significantly increased already after the
first week of HFD. This effect of changing dietary pattern
on active PAI-1 plasma concentrations and PAI-1 mRNA
expression in fatty tissue persisted until the end of the in-
tervention, being accompanied by a slight increase in body
weight and BMI but no changes inWHR, fasting glucose or
IHL. These findings for active PAI-1 plasma concentrations
and PAI-1 mRNA expression in adipose tissue are in line
with results of animal studies (Kalupahana et al., 2011; Yan
&DeMars, 2014) andwith the study ofMasquio et al. (2014)
showing a positive association of saturated fatty acid intake
and PAI-1 serum concentration in obese adolescents strat-
ified according to their saturated fatty acid intake. How-
ever, others found no effects on PAI-1 plasma concentra-
tions in humans under HFD interventions (Ho et al., 1995;
Marckmann et al., 1992). Differences between our results
and those of others might have resulted from differences in
study design (short vs. long-term and standardization pe-
riod vs. no defined baseline) and ethnicity (Europeans vs.
Asians; Ho et al., 1995). Furthermore, results of in vitro
studies suggest that PAI-1 mRNA expression in adipose tis-
sue could be regulated through insulin- and triacylglycerol-
dependent mechanisms (Oller do Nascimento et al., 2009;
Sakamoto et al., 2008). However, whether similarmolecular
mechanisms are also found in humans chronically ingest-
ing a HFD remains to be determined. Also, the slight but
significant increase in body weight and BMI after 6 weeks
of HFD, which might have resulted from an unintentional
change of lifestyle of participants or a metabolic adaptation
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to the changes in dietary pattern, might also have affected
active PAI-1 plasma concentrations and PAI-1 mRNA in
adipose tissue. Indeed, it has been shown before that an in-
crease in body weight — for example, +2.6 kg due to an-
tipsychotic medications — is associated with an increase in
PAI-1 plasma concentrations (Fountaine et al., 2010). How-
ever, if a markedly lower mean increase in body weight like
the one found in the present study (∼ +0.40 kg) leads to
an increase in PAI-1 expression and plasma concentrations
remains to be determined. Indeed, when tested as a covari-
ate, no association was found between changes in BMI and
alterations of active PAI-1 concentration in plasma or ex-
pression in adipose tissue (also see below).

In contrast to the findings for active PAI-1 plasma con-
centrations and PAI-1 mRNA expression in adipose tissue,
after 6 weeks of HFD, fasting insulin levels in serum and
HOMA-IR both no longer differed from those found af-
ter consumption of the ND, suggesting that subjects might
have metabolically adapted to the increased fat intake. In-
deed, it has been suggested by the results of animal studies
that certain fatty acids — for example, arachidonic acid, γ-
linolenic acid, or linoleic acid — may alter insulin release
(Gravena et al., 2002; Lai et al., 2013). It further was shown
that a long-term intake of a HFD may be associated with a
decrease of this effect (Lai et al., 2013). If similar effects were
involved in the present study, and which molecular mech-
anisms are responsible for the reduction of insulin concen-
trations and HOMA-IR found when consuming the HFD
for an extended period of time, remains to be determined.

Increase of active PAI-1 plasma levels but not PAI-1
mRNA expression in adipose tissue are influenced by insulin
levels and HOMA-IR. It has been shown before in animal
and human studies that PAI-1 concentrations in plasma are
at least in part dependent upon age (for overview, see Eren
et al., 2014), gender (Eriksson et al., 2008; Krishnamurti
et al., 1988), and body weight (Appel et al., 2005; Lichtash
et al., 2013). In the present study, none of the anthropomet-
ric and metabolic parameters tested as covariates, with the
exception of insulin serum concentrations seemed to have
been persistently related to the changes found for active
PAI-1 plasma levels after the intake of a HFD. Indeed, it has
been discussed that insulin by itself might have an impact
on PAI-1 synthesis (for overview, see Alessi & Juhan-Vague,
2006)) and that PAI-1 might not get ‘insulin resistant’, but
rather responds to insulin even in a situation of insulin re-
sistance (Sartipy & Loskutoff, 2003). Furthermore, insulin,
and even more so insulin resistance, has been shown to
be key regulators of PAI-1 expression in hepatic and adi-
pose tissue (Kanuri et al., 2015; Mavri et al., 2001); how-
ever, in the present study the response of PAI-1 mRNA ex-
pression in adipose tissue to HFD was independent of all
tested covariates, including serum insulin and HOMA-IR.
This apparent discrepancymight stem from the fact that ac-
tive PAI-1 levels are not solely regulated at the level of ex-
pression. Indeed, changes in external conditions have been

proposed to be involved in mediating the conformational
change of latent to active PAI-1 (for overview, see Yasar
Yildiz et al., 2014). However, in the present study, concen-
tration of active PAI-1 in plasma and PAI-1 mRNA expres-
sion in s.c. adipose tissue were positively related after sub-
jects had consumed the HFD, while a similar association
was not found after eating the ND. As we only determined
active PAI-1 in plasma, it cannot be ruled out that a relation
of PAI-1 mRNA expression in s.c. adipose tissue and PAI-1
plasma concentration was missed after the phase subjects
had eaten the ND. Also, to date, it has not been fully un-
derstood which tissue and cell types are the main contrib-
utors to total and active PAI-1 plasma levels and to which
extent the different tissues and cells contribute to plasma
levels under different health conditions (e.g., when obesity,
insulin resistance, or sepsis is present; Barnard et al., 2016;
Bergheim, Luyendyk et al., 2006). Indeed, while studies sug-
gest that PAI-1 mRNA expression in s.c. adipose tissue is
related to active PAI-1 plasma levels and fat mass in obese
individuals (Alessi et al., 2000; Eriksson et al., 1998), data
as to whether this is influenced by the diet consumed by
non-obese humans is limited. Therefore, it cannot be ruled
out that the lack of relation of PAI-1 mRNA expression in
s.c. adipose tissue and active PAI-1 levels in plasma might
have resulted from factors consumedwith the different diets
(e.g., fatty acids). Indeed, results of in vitro studies suggest
that PAI-1 mRNA expression in human adipose tissue can
be altered depending upon surrounding factors (He et al.,
2003).

Taken together, results of the present study further bol-
ster the hypothesis that insulin might be critical in reg-
ulating active PAI-1 levels. Furthermore, our results also
suggest that fat content in the diet might influence PAI-1
mRNA expression in s.c. adipose tissue and activation of
PAI-1 in plasma even in settings of normocaloric intake.
However, mechanisms involved remain to be determined.

The late but not the early response of PAI-1 to an isocaloric
modification of dietary pattern seems to be heritable. In
the present study, active PAI-1 plasma concentrations were
not heritable under ND but heritability estimates increased
from 13% after 1 week of HFD to up to 47% after 6 weeks
of HFD. The estimates found after study participants con-
sumed the HFD for 6 weeks are in line with earlier findings
of other twin studies (de Lange et al., 2001;Hong et al., 1997;
Peetz et al., 2004). Results of these studies also suggest that
genetic influences on PAI-1 plasma concentrations are at
least in part shared with those for triglycerides (Hong et al.,
1997). Indeed, Dichtl et al. (2000) and Nilsson et al. (1999)
showed in their studies that very low density lipoprotein
(VLDL) through its receptor can modulate PAI-1 expres-
sion in endothelial cells and hepatocytes in vitro and in
vivo. Similar findings were also reported for oxidized low
density lipoprotein (LDL) and lysophosphatidylcholine,
and PAI-1 mRNA expression and secretion from endothe-
lial cells (Dichtl et al., 1999). Furthermore, genome-wide
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association studies revealed an association for a com-
mon SNP in the peroxisome proliferator-activated receptor
gammagene (rs1801282, also known as Pro12Ala) andPAI-
1 plasma concentrations (Huang et al., 2012). For Pro12Ala,
an association with the risk of metabolic diseases like di-
abetes type 2, which is modulated through the dietary fat
intake, has been shown (Fisher et al., 2011; Lamri et al.,
2012). However, whether alterations of VLDL, or oxidized
LDL levels, or a SNP in a genemodulated through fat intake
are involved in the lack of a relation to heritability found af-
ter the consumption of the ND or 1 week of HFD remains
to be determined.

In contrast to the results of active PAI-1 in plasma, in-
duction of PAI-1 mRNA expression in adipose tissue in re-
sponse to the HFD was not found to be heritable in the
present study; however, thismight be due to the reasons dis-
cussed in detail already above. Taken together, results of the
present study suggest that under certain dietary conditions
— for example, long-term intake of a HFD — levels of ac-
tive PAI-1 are regulated at least in part through heritable
mechanisms; however, mechanisms involved remain to be
determined.

Limitations
Our study had some limitations that should be taken into
consideration when interpreting the data. First, we were
only able to enroll a total of 46 pairs of twins, of whom
34 were monozygotic and 12 were dizygotic twins. Second,
most participants were young, healthy, and non-obese. Fur-
thermore, all study participants were of European descent.
Therefore, it cannot be ruled out that results found in the
present study are not representative for older, less healthy
(e.g., metabolically abnormal or overweight and obese indi-
viduals) individuals, as well as those with a non-European
genetic background. Also, in the present study we only ex-
amined the effects of an isocaloric exchange of dietary in-
take from a normal diet to a diet rich in fat. Accordingly, it
cannot be ruled out that results might differ in individuals
with a general overnutrition that is rich in carbohydrates
such as mono- and di-saccharides. Indeed, results of ani-
mal studies focusing onmonosaccharides suggest that fruc-
tose might affect PAI-1 expression in liver (Kanuri et al.,
2011b; Spruss et al., 2012). However, whether similar re-
sults are also found in humans, and the extent of heritability
in carbohydrate- or sugar-induced alterations of PAI-1, re-
mains to be determined. Furthermore, reasons for the slight
but significant increase in body weight have not been clari-
fied. It cannot be ruled out that study participants uninten-
tionally changed their lifestyle (e.g., decreased their physical
activity or were slightly over-nourished).

Conclusion
Taken together, our data suggest that even a short-term,
but even more so a long-term, intake of a HFD leads to

an induction of PAI-1 mRNA expression in adipose tissue
and an increase of active PAI-1 concentrations in plasma
of non-obese metabolically inconspicuous individuals. Our
data further suggests that this HFD-induced increase in
active PAI-1 in plasma and PAI-1 mRNA expression in
adipose tissue is independent of age, gender, and changes
of BMI and IHL, but rather seems to be related at least
in part to changes found in insulin serum concentrations.
Furthermore, our data also suggest that long-term HFD-
induced changes in active PAI-1 plasma concentrations are
partially heritable. However,molecularmechanisms under-
lying these effects remain to be determined.
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