
 
 
PHYSIOLOGICAL RESEARCH • ISSN 1802-9973 (online) 
 2020 Institute of Physiology of the Czech Academy of Sciences, Prague, Czech Republic 
Fax +420 241 062 164, e-mail: physres@fgu.cas.cz, www.biomed.cas.cz/physiolres 
 

Physiol. Res. 69: 1039-1049, 2020 https://doi.org/10.33549/physiolres.934448 

 
 
Comparison of Pancreatic Microcirculation Profiles in Spontaneously 
Hypertensive Rats and Wistar-Kyoto Rats by Laser Doppler and 
Wavelet Transform Analysis 
 
 
Xiaohong SONG1*, Yuan LI1*, Bing WANG1, Mingming LIU1,2, Jian ZHANG1,2, Ailing LI1, 
Honggang ZHANG1, Ruijuan XIU1 
*These authors contributed equally to this work 
 

1Institute of Microcirculation, Chinese Academy of Medical Sciences and Peking Union Medical 
College, Beijing, China, 2 Diabetes Research Center, Chinese Academy of Medical Sciences and 
Peking Union Medical College, Beijing, China 
 

Received February 5, 2019 
Accepted August 25, 2020 
Epub Ahead of Print November 2, 2020 
 
 
Summary 
Pancreatic microcirculatory dysfunction emerged as a novel 
mechanism in the development of hypertension. However, the 
changes of pancreatic microcirculation profiles in hypertension 
remain unknown. Pancreatic microcirculatory blood distribution 
pattern and microvascular vasomotion of spontaneously 
hypertensive rats (SHRs) and Wistar Kyoto rats (WKYs) were 
determined by laser Doppler. Wavelet transform analysis was 
performed to convert micro-hemodynamic signals into time-
frequency domains, based on which amplitude spectral 
scalograms were constructed. The amplitudes of characteristic 
oscillators were compared between SHRs and WKYs. The 
expression of eNOS was determined by immunohistochemistry, 
and plasma nitrite/nitrate levels were measured by Griess 
reaction. Additionally, endothelin-1, malondialdehyde, superoxide 
dismutase and interleukin-6 were determined by enzyme-linked 
immunosorbent assay. SHRs exhibited a lower scale blood 
distribution pattern with decreased average blood perfusion, 
frequency and amplitude. Wavelet transform spectral analysis 
revealed significantly reduced amplitudes of endothelial 
oscillators. Besides reduced expression of eNOS, the blood 
microcirculatory chemistry complements micro-hemodynamic 
profiles as demonstrated by an increase in plasma nitrite/nitrate, 
endothelin-1, malondialdehyde, interleukin-6 and a decrease of 
superoxide dismutase in SHRs. Here, we described abnormal 
pancreatic microcirculation profiles in SHRs, including disarranged 
blood distribution pattern, impaired microvascular vasomotion 
and reduced amplitudes of endothelial oscillators. 
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Introduction 
 

Hypertension, characterized by elevated blood 
pressure and irregular peripheral vascular resistance 
regulation, is one of the most widespread cardiovascular 
diseases (DALYs and Collaborators 2016). Generally, 
hypertension is not a single disease and instead 
encompasses various clinical features, such as 
hyperglycemia and insulin resistance. The incidence and 
progression of cardiovascular events and microvascular 
complications are associated with hypertension. 
However, the pathogenesis of hypertension has not fully 
clarified yet. 

There is growing attention on the connection 
between microcirculation and hypertension recently. 
Pancreatic microcirculatory dysfunction emerged as 
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a novel pathogenesis of hypertension. It has been reported 
that uncontrolled proteolytic receptors cleavage occurred 
in hypertensive condition, which leading to the cellular 
and systemic dysfunction (Chan and Schmid-Schonbein 
2019, Delano and Schmid-Schonbein 2008, Struijker-
Boudier et al. 2007), even end-organic damage (Delano 
et al. 2010). Subsequently, pancreas has been proved as 
a major source of those digestive enzymes and degrading 
protease activities occurred in the microcirculation (Chan 
and Schmid-Schonbein 2019). These lines of evidence 
highlight the importance of pancreatic microcirculation in 
hypertension. 

Microcirculation is essential for providing 
nutrients and removing metabolites in response to 
metabolic demands and fluctuated hydrostatic pressure. 
There is an agreement that microcirculation participates 
in maintaining the physiological function of organs  
(De Boer et al. 2012). In this respect, microcirculation 
dysfunction would be involved in the pathogenesis of 
hypertension (Levy et al. 2001). Furthermore, as 
a characteristic phenomenon of microcirculation profiles, 
microvascular vasomotion regulates blood flow perfusion 
and distribution in organs (Gutterman et al. 2016). 
Several studies have reported impairments of the 
vasomotion (Kobayashi et al. 2005) and microvasculature 
in hypertensive individuals (Debbabi et al. 2006, 
Gkaliagkousi et al. 2015, Tousoulis et al. 2006, Tran and 
Schmid-Schonbein 2007), which confirm the link 
between pathological disturbed microcirculation and 
hypertensive damage. The possibility that digestive 
enzymes leak out of the pancreas has given rise to 
hypotheses as that of the abnormality of pancreatic 
microcirculation. 

Analyses of pancreatic microcirculation profiles 

are the reasonable strategy to investigate the changes of 
pancreatic microcirculation. We have established 
a method to assess pancreatic microcirculation profiles by 
micro-hemodynamic and microcirculatory blood 
distribution pattern. As far as we know, there was little 
information on the pancreatic microcirculation profiles in 
hypertension. Therefore, the aim of the current study was 
to investigate the difference of pancreatic 
microcirculation profiles between spontaneously 
hypertensive rats (SHRs) and their normotensive control 
Wistar Kyoto rats (WKYs). 

 
Methods 
 
Animals 

This study was approved by the Institutional 
Animal Care and Use Committee at the Institute of 
Microcirculation, Chinese Academy of Medical Sciences 
(CAMS), in accordance with the guidelines for the Care 
and Use of Laboratory Animals (IACUC-201709). The 
SHR is a commonly used model of hypertension. These 
rats develop increased blood pressure beginning at eight to 
nine weeks of age with blood pressure at 160-170 mmHg 
and reach a stable level of hypertension at 185-190 mm Hg 
during 16 to 28 weeks of age. Eight- week-old male SHRs 
and its normotensive control WKYs (n=6 each group) 
were provided by the Institute of Laboratory Animal 
Sciences (CAMS, Beijing, China). Rats were housed 
separately in the cages of the animal room (temperature  
22 °C, humidity 55 % - 70 %) under a 12 h light/dark cycle 
and were fed with standard laboratory diet and water  
ad libitum. The weight of all rats was recorded and general 
information (including age, gender, body weight and blood 
pressure) was listed in Table 1. 

 
 

Table 1. General information of WKYs and SHRs. 
 

 WKYs SHRs 

Age (week) 8 8 
Gender (male/female)  6/0 6/0 
Body weight (g) 202 ± 2.8 172.4 ± 1.38 * 
Blood pressure (mmHg)   

HR 370.3 ±1.4 422.3 ± 4.2 
SBP 118.2 ± 2.5 167 ± 3.2 * 
MAP 94.2 ± 3.0 134.2 ± 3.5 * 
DBP 82.3 ± 2.5 118 ± 3.9 * 

 
Data were expressed as the mean ± S.E.M. HR, heart rate; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean 
arterial pressure. * P<0.01 compared with WKYs. 
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Measurement of blood pressure 
A Biopac MP 150 system and AcqKnowledge 

software (BIOPAC) were employed to measure blood 
pressure of rats. After acclimatization, rats were 
anesthetized by 2 % inhaled isoflurane in a 50 % mixture 
of oxygen and then fixed in a lateral decubitus position. 
A 10-mm midline longitudinal incision was cut to expose 
common carotid artery and external carotid artery. The 
distal segment of common carotid artery was ligated 
permanently while a temporary ligation was made at 
proximal segment to provide a blood flow-free segment 
in common carotid artery. Then, a micro-catheter, 
combined with pressure transducer and transmitter, was 
advanced into the carotid artery by retrograde way. The 
micro-catheter was rotated and secured with tip oriented 
cephalad. Heart rate (HR) and blood pressure including 
systolic blood pressure (SBP), diastolic blood pressure 
(DBP) and mean arterial pressure (MAP) of rats were 
measured and recorded respectively.  

 
Assessment of pancreatic microcirculation profiles 

The pancreatic microcirculation profiles of 
SHRs and WKYs were detected according to the Doppler 
frequency shift principle with a dual-channel laser 
Doppler blood perfusion monitoring system (Moor 
Instrument, Ltd., Axminster, UK) as previously described 
(Liu et al. 2018). Briefly, after 10 min acclimatization, 
rats were anesthetized by 2 % inhaled isoflurane in 
a 50 % mixture of oxygen. A designed incision was made 
around medioventral line to expose pancreas. Laser 
Doppler signals of microvascular blood perfusion were 
measured by VP4 probe (Moor Instrument) and analyzed 
by Moor software (Moor VMS PC 3.1, Moor 
Instruments). To depict blood distribution pattern, 
changes of microcirculatory blood perfusion during 
contraction and dilation were illustrated in a scatter plot. 
The average blood perfusion was calculated as the 
microvascular blood perfusion divided by mins, while 
velocity was captured according to the changes of 
scattered light intensity of standard micro-particles. 
Furthermore, the frequency and amplitude of 
microvascular vasomotion were calculated as the number 
of peaks occurred per min and the difference of perfusion 
unit (△PU) between minimum PU and maximum PU 
respectively.  

 
Wavelet transform spectral analysis  

Wavelet transform spectral analysis, revealing 
the contribution of specific biological oscillators in 

microcirculation to the nonlinear dynamic changes of 
microvascular blood flow, was performed to convert 
microcirculatory perfusion signals into time-frequency 
domains. Considering the common used frequency 
intervals applied for investigating microcirculatory 
function of human and experimental animals 
(Aleksandrin et al. 2018, Mastantuono et al. 2017, Popa 
et al. 2015), the entire frequency derived from laser 
Doppler signals was divided into a set of frequency bands 
that each of them contains a single peak: 2~5 Hz, 
0.4~2 Hz, 0.15~0.4 Hz, 0.04~0.15 Hz and 0.01~0.04 Hz 
(Aleksandrin et al. 2018), attributing to cardiac, 
respiratory, myogenic, neurogenic and endothelial 
oscillators respectively. Due to microvascular endothelial 
cells are the most important component of 
microcirculation and the functional executing unit of 
microvascular vasomotion, in the current study, we 
separated these frequency bands into endothelial  
(NO-dependent and NO-independent endothelial) 
oscillators (Lapi et al. 2017, Stefanovska et al. 1999) and 
non-endothelial (cardiac, respiratory, myogenic, 
neurogenic) oscillators.  

The Morlet wavelet (Lancaster et al. 2015) was 
scaled to provide a Gaussian window which is shifted 
along the time and frequency domains (Smirni et al. 
2018), and wavelet amplitudes were calculated by 
averaging the wavelet coefficients to represent time-
frequency spectral characteristic of those oscillators. 
Furthermore, a three-dimensional (3-D) amplitude 
spectral scalogram was constructed based on the wavelet 
transformed micro-hemodynamic data. Variants including 
time (s), frequency (Hz) and spectral amplitude (AU) 
were located in the coordinates respectively to show 
coordinated time-frequency resolution. The amplitudes of 
six oscillators were compared between WKYs and SHRs. 

 
Immunohistochemistry 

Immunostaining was used to evaluate expression 
of endothelial nitric oxide synthase (eNOS). Briefly, to 
inhibit endogenous peroxidase, deparaffinized pancreas 
sections were treated with 3 % hydrogen peroxide, 
followed by blocking with 3 % bovine serum albumin in 
PBS (TBD Science Technology, Tianjin, China). Primary 
antibody against eNOS (1: 50; Santa Cruz 
Biotechnology) was incubated in blocking buffer 
overnight at 4 °C. After rinsing, sections were incubated 
with horseradish peroxidase conjugated secondary 
antibody (Zhongshan Golden Bridge Biotechnology, 
Beijing, China). Slides were washed and mounted prior to 
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observation. Positive staining of eNOS was captured 
using Leica DFC450 microscope (Leica Microsystems, 
Leitz, Germany). 

 
Enzyme-linked immunosorbent assays (ELISAs)  

Plasma nitrite/nitrate concentrations of WKYs 
and SHRs were measured using a Griess reaction assay 
kit (R&D Systems, MN, USA). Plasma superoxide 
dismutase (SOD) (Blue Gene Biotech, Shanghai, China), 
malondialdehyde (MDA) (Blue Gene Biotech), 
interleukin-6 (IL-6) (Blue Gene Biotech) and endothelin-
1 (ET-1) (R&D Systems) levels were determined by the 
ELISAs kits following the manufacturer’s protocols. The 
optical density was recorded by microplate reader 

(Thermo Scientific™ Multiskan™ GO, MA, USA).  
 

Statistical analysis 
All microvascular blood perfusion signals and 

wavelet transform spectral data were presented as means 
± standard errors of the means (S.E.M.) and SPSS version 
21.0 (SPSS Inc., Chicago, IL, USA) was used to perform 
the statistical analysis. Comparisons of pancreatic 
microcirculation profiles were conducted by Student  
t-test and P value of less than 0.05 was considered as 
statistically significant. The correlations were established 
by calculating the Pearson’s correlation coefficient (r), 
and were considered relevant for associated P<0.05 and 
values of r > 0.3 or <−0.3. 

 
 

 
 
Fig. 1. Pancreatic microcirculation profiles of WKYs and SHRs. (A) pancreatic microcirculatory blood distribution pattern of WKYs and 
SHRs. (B) pancreatic microvascular vasomotion of two groups of rats. (C) velocity of microvascular vasomotion. (D) 5 secs 
microvascular blood flow perfusion extracted from microcirculatory blood perfusion between dashed lines. (E) the average blood 
perfusion (PU/min) of microvascular vasomotion. (F) the amplitude (△PU) was calculated as the difference between minimum PU and 
maximum PU in microvascular oscillation. (G) the number of peaks in microvascular oscillation per min was defined as frequency 
(cycles/min). (H) microcirculatory velocity between two groups. Red dots and curves represent blood perfusion of WKYs. Blue dots and 
curves represent blood flow perfusion of SHRs. Green dashed line, the cut-off line of distribution pattern between SHRs and WKYs. PU, 
perfusion units. *P<0.05 compared with WKYs, #P<0.01 compared with WKYs. 
 
 
Results 
 

The general information about SHRs and their 
normotensive control is summarized in Table 1. To assess 
whether pancreatic microcirculation profiles were 

abnormal in SHRs, we generated microcirculatory blood 
distribution patterns. With the normotensive condition, 
WKYs presented a higher scale of blood perfusion 
pattern, in contrast, SHRs exhibited a lower scale of 
blood perfusion pattern (Fig. 1A), suggesting 
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Fig. 2. Wavelet transform spectral analysis of 
pancreatic micro-hemodynamic signals. The 
mean amplitude (AU) - frequency (Hz) spectrum 
of microcirculatory blood perfusion, relative 
velocity and blood cell concentration was 
revealed by wavelet transform spectral analysis. 
The merged pancreatic microcirculatory 
scalogram of WKYs and SHRs was exhibited in 
the lower panel, the vertical lines represent the 
cut-off boundaries of different frequency 
intervals. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3. Three-dimensional time-frequency 
spectral scalogram of pancreatic microcirculation 
profiles of WKYs and SHRs. (A-B) three-
dimensional time-frequency spectral scalogram 
of WKYs and SHRs were constructed based on 
the micro-hemodynamics data. The micro-
vascular blood perfusion signaling was 
transformed by wavelet coefficients to illustrate 
coordinated time-frequency resolution in SHRs 
(A) and WKYs (B). Micro-hemodynamic variants 
including time (s), frequency (Hz) and spectral 
amplitude (AU) were located in the coordinate 
respectively. Color bar represents amplitude 
values.  
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a divergence of microcirculatory blood distribution 
pattern between WKYs and SHRs. The bio-rhythmic 
contraction and dilatation of pancreatic microcirculation 
(vasomotion) were disarranged in SHRs, while WKYs 
displayed stable bio-rhythmic contraction and relaxation 
(Fig. 1B-1D). Quantitative analysis revealed that the 
micro-hemodynamic parameters including average blood 
perfusion (P<0.05, Fig. 1E), amplitude (P<0.05, Fig. 1F) 
and frequency (P<0.01, Fig. 1G) of microvascular 
vasomotion were significantly decreased in SHRs. 
However, no significant difference of velocity was found 
across microvascular oscillation between two groups 
(Fig. 1H). Taken together, our data indicate deteriorated 
pancreatic microcirculation profiles in SHRs. 

The comparisons of wavelet transformed micro-
hemodynamic signals were illustrated as amplitude-
frequency scalogram in Figure 2. The scalogram revealed 
the contribution of endothelial oscillators make to bio-
rhythmic micro-hemodynamic in hypertensive and 
normotensive animals. Compared with WKYs, the 
characteristic peak amplitudes of blood perfusion, relative 

velocity and blood cell concentration were significantly 
decreased in endothelial oscillators in SHRs. 
Furthermore, after embedding the time course dimension, 
we generated 3-D time-frequency spectral scalogram. It 
was noted that WKYs and SHRs exhibited different time-
frequency spectral pattern. SHRs exhibited reduced 
endothelial amplitudes in pancreatic microcirculatory 
oscillation (Fig. 3). We then compared the amplitudes of 
the characteristic non-endothelial and endothelial 
oscillators between SHRs and WKYs. 

Furthermore, our data revealed that the 
amplitudes of endothelial oscillators were significantly 
decreased in SHRs (Fig. 4A). Considering micro-
hemodynamic abnormalities are the global pathological 
microcirculatory phenotype rather than specific single 
characteristic oscillator, we then integrated amplitudes of 
characteristic oscillators into radar map (Fig. 4B). The 
radar map illustrated that different amplitude regimes 
separated by endothelial NO-dependent and  
NO-independent oscillators between SHRs and WKYs 
(Fig. 4C). Since the endothelial oscillators of pancreatic  

 
 

 
 
Fig. 4. Comparisons of characteristic spectral amplitudes of pancreatic microcirculation profiles. (A) the mean amplitudes (AU) of non-
endothelial components and endothelial components of WKYs and SHRs. (B) radar plot illustrated varying amplitudes distribution of 
characteristic oscillators. The red line represents amplitudes of WKYs, the blue line represents amplitudes of SHRs. (C) the mean 
amplitudes (AU) of characteristic oscillators. (D) comparisons of NO-dependent and NO-independent endothelial components between 
WKYs and SHRs. The ratios of NO-dependent and NO-independent endothelial oscillators were shown in the upper pie chart.  
(E) correlations between endothelial oscillators and microcirculatory blood perfusion. *P<0.05 compared with WKYs. 
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Fig. 5. Pancreatic microvascular endothelial cells dysfunction in SHRs. (A) immunohistochemical staining of endothelial nitric oxide 
synthase in WKYs and SHRs (× 400). (B) the levels of plasma nitrite/nitrate of WKYs and SHRs. (C) plasma endothelin-1 of WKYs and 
SHRs. (D) plasma MDA and SOD levels. (E) plasma IL-6 of WKYs and SHRs. *P<0.05 compared with WKYs, #P<0.01 compared with 
WKYs. 
 

 
microcirculation profiles were deteriorated, the mean 
amplitudes of NO-dependent and NO-independent 
endothelial oscillators in SHRs and WKYs were further 
analyzed. As expect, we found significant decreased 
mean amplitudes of both NO-dependent and  
NO-independent endothelial oscillators in SHRs 
compared with WKYs (Fig. 4D). Additionally, the 
difference amplitude value (∆AU) of NO-dependent 
endothelial oscillator (965.30 AU) was significantly 
larger than NO-independent endothelial component 
(592.80 AU) in SHRs. Accordingly, a positive correlation 
between the amplitude of NO-dependent endothelial 
oscillator and microcirculatory blood perfusion 
(r=0.6183, P<0.05) was observed, whereas no correlation 
was found between NO-independent endothelial 
oscillator (r=0.5035, P>0.05) and microvascular blood 
perfusion (Fig. 4E). This is consistent with findings from 
wavelet transform analysis, where endothelial oscillators 
may be involved in hypertensive responses.  

Microvascular endothelial dysfunction is 
characterized by imbalanced microcirculatory tone which 
is associated with eNOS. Based on the pancreatic micro-
hemodynamic disturbances observed in SHRs, we 
therefore queried whether the eNOS expression, plasma 
nitrite/nitrate and ET-1 levels were abnormal. 
Immunostaining analysis revealed a decreased expression 
of eNOS in SHRs (Fig. 5A). To further determine the 
endothelial function, we evaluated the plasma 
nitrite/nitrate and ET-1 levels. As shown in Figure 5B, in 
addition to significantly increased plasma nitrite/nitrate 

level, as a vasoconstrictor, ET-1 was significantly 
increased in SHRs compared with their normotensive 
control (Fig. 5C). Moreover, the antioxidant status of 
SHRs was deteriorated, which included significantly 
increased plasma MDA level and decreased SOD activity 
(Fig. 5D). Meanwhile, SHRs exhibited an elevation of 
inflammatory cytokine IL-6 level (Fig. 5E). 

 
Discussion 
 

Microcirculation regulates blood distribution and 
perfusion via microvascular vasomotion so as to maintain 
the physiological functions of organs (Segal 2005). 
Emerging evidence has indicated that pancreas is 
a potential source (Chan and Schmid-Schonbein 2019) 
for leaked serine proteases (Derosa et al. 2006), which 
contributes to uncontrolled protease activities in 
hypertensive individuals. A number of experimental data, 
including ours, have been proposed to explain this 
hypothesis observed in SHRs through the pancreatic 
microcirculation dysfunction. The intravital microscopic 
findings provide the evidence for the leakage of 
macromolecular FITC-dextran from the pancreatic 
microvasculature into the interstitial tissue (Zhou and 
Chen 2002). Furthermore, leakage of the cast material 
through the pancreatic capillary membrane suggest that 
presence of increased permeability during the 
pathological process (Eibl et al. 2000). In this study, we 
showed that compared with WKYs, the pancreatic 
microcirculation profiles of SHRs were abnormal, which 
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exhibited disarranged blood distribution pattern, impaired 
microvascular vasomotion and reduced amplitudes of 
endothelial oscillators. 

Several studies have confirmed that 
malfunctional microcirculation is involved in the 
pathogenesis of hypertension in vitro and in vivo. It was 
reported that the capacities of arterioles regulating flow 
resistance were abnormal in hypertensive individuals 
(Martinez-Lemus 2012). Additionally, terminal resistance 
microvessels remodeling (Risler et al. 2005), capillary 
rarefaction and stiffness (Serne et al. 2001) and 
microvasculature alterations may contribute to the 
development of hypertension. Besides these structural 
evidence, we provided microcirculatory data concerning 
the occurrence of impaired pancreatic microcirculation 
profiles in SHRs. 

Microvascular vasomotion is one of the essential 
properties of microcirculation profiles for the 
maintenance of homeostasis. Microvascular 
vasoconstriction and vasodilation regulate blood 
perfusion and distribution pattern of organs (Liu et al. 
2017a). As expected, we demonstrated that SHRs 
exhibited disarranged microvascular vasomotion and 
failed to maintain bio-rhythmic blood perfusion which 
hampered the exchange of metabolic nutrients. On the 
other hand, it is also noteworthy that capillary rarefaction 
(decreased microvessels density) has been demonstrated 
occurring in SHRs (Wang et al. 2014), which may 
contribute to the decreased blood perfusion and disrupted 
delivery of nutrients and oxygen (Plotnikov et al. 2018, 
Suzuki et al. 2003). Consequently, micro-hemodynamic 
disorders may be one of the explanations for the 
decreased microvascular blood perfusion. 

Microcirculatory oscillation is affected by 
a series of vasomotor stemming from the characteristic 
oscillators of these micro-vessels, especially 
microvascular endothelial cells. Thus, the characteristic 
oscillators are considered as dominant determinants of 
pancreatic microcirculation. As indicated in this study, 
the decreased NO-dependent endothelial oscillator, rather 
than other components, may be associated with 
hypertensive pathological condition. Supporting the 
importance of microcirculation profiles, our data revealed 
the specific oscillators of pancreatic microcirculatory 
abnormalities in hypertensive rats, which is consistent 
with confirmed impaired barrier function, inhibited 
migration and tube formation capacities of pancreatic 
microvascular endothelial cells (Liu et al. 2017b). 

Inflammatory cascade and oxidative stress are 

recognized as two crucial pathological processes in the 
development of hypertension (Khullar et al. 2004, Redon 
et al. 2003). Due to the deteriorated endothelial 
oscillators, micro-hemodynamics tends to be pro-
constrictive, pro-thrombotic and anti-fibrinolytic 
(Rosenblum 2018), leading to reactive oxygen species 
generation and inflammatory cytokine synthesis. 
Meanwhile, increased oxidative stress and activated 
aggravating cytokines could occur in hypertensive 
individuals (Domingueti et al. 2016, Trejo-Moreno et al. 
2018). It has been reported that eNOS contributed to 
vasodilation and related to the pathological determinants 
such as oxidative stress and inflammatory cytokines 
(Forstermann and Munzel 2006). Reduction (Kloza et al. 
2019) and inactivation (Peleli et al. 2016) of eNOS in 
hypertensive rat might mediate vasodilatory dysfunction. 
NO, synthesized by eNOS, is an endothelial-derived 
vasodilator, which maintains microvascular endothelial 
physiological function via nitrate-nitrite-NO pathway 
(Victor et al. 2009). Consistently, the present study 
showed reduced expression of eNOS and decreased 
amplitudes of NO-independent and NO-dependent 
endothelial oscillators in SHRs, together with increased 
nitrate/nitrite and ET-1 levels, which may result in the 
decrease of flow-mediated vasodilation (Kong et al. 
2015, Nickenig et al. 2000, Gradin et al. 2018). And 
increased levels of MDA, IL-6 and decreased levels of 
SOD lead to destabilized eNOS and incapable availability 
of NO, which might be responsible for the observed 
deteriorated pancreatic microcirculation profiles. 
Additionally, it has been reported that the inhibition of 
SOD promotes vasoconstriction (Ahmeda et al. 2018), 
confirming that oxidative stress is strongly associated 
with hypertension from another perspective. Our data 
further strengthens the importance of endothelial 
oscillators and pancreatic microcirculation profiles in 
hypertension as well. 

In conclusion, our study provides evidence that 
SHRs exhibit abnormal pancreatic microcirculation 
profiles including disarranged pancreatic blood 
distribution pattern, impaired pancreatic microvascular 
vasomotion and reduced amplitudes of endothelial 
oscillators. 
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