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Abstract
Objective: The contractile behavior of collecting lymphatic vessels occurs in essential 
hypertension in response to homeostasis, suggesting a possible role for microcircula-
tion.	We	aimed	to	clarify	the	nature	of	the	lymphatic	microcirculation	profile	in	spon-
taneously	hypertensive	rats	(SHRs)	and	normotensive	controls.
Methods: The	vasomotion	of	collecting	lymphatic	vessels	in	eight-		and	thirteen-	week-	
old	SHRs	and	age-	matched	Wistar-	Kyoto	rats	(WKYs,	n =	4	per	group)	was	visualized	
by	 intravital	 video	and	VasTrack.	The	 lymphatic	vasomotion	profile	 (frequency	and	
amplitude)	and	contractile	parameters	(contraction	fraction	and	total	contractility	ac-
tivity	index)	were	compared.	Plasma	nitrite/nitrate	levels	were	assessed	by	the	Griess	
reaction,	and	plasma	endothelin-	1	was	measured	by	enzyme-	linked	immunosorbent	
assay.
Results: WKYs	and	SHRs	differed	in	the	vasomotion	of	collecting	lymphatic	vessels.	
Both	eight-		and	thirteen-	week-	old	WKYs	revealed	a	high-	amplitude	pumping	pattern,	
whereas	a	 low-	amplitude	pattern	was	observed	in	SHRs.	Moreover,	compared	with	
age-	matched	WKYs,	 SHRs	 exhibited	 deteriorated	 output	 and	 reflux	 capability	 and	
lost	the	ability	to	regulate	collecting	lymphatic	vasomotion.	Additionally,	the	chem-
istry complements the microcirculatory lymphatic profile as demonstrated by an in-
crease	in	plasma	nitrite,	nitrate,	and	endothelin-	1	in	SHRs.	ET-	1	inhibitor	meliorated	
the	lymphatic	contractile	capability	in	SHRs	partially	through	regulating	frequency	of	
lymphatic vasomotion.
Conclusions: We	used	an	intravital	lymphatic	imaging	system	to	observe	that	SHRs	
exhibit	an	impaired	collecting	lymphatic	vasomotion	profile	and	deteriorated	contrac-
tility	and	reflux.
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1  |  INTRODUC TION

Essential hypertension is the most common type of high blood pres-
sure and has no identifiable cause. The prevalence of essential hy-
pertension	is	23.2%	(approximately	245	million),	and	another	41.3%	
(approximately	 435	 million)	 of	 the	 population	 is	 prehypertensive	
according	 to	 the	 data	 from	 China	 Hypertension	 Survey	 Groups.1 
Essential hypertension is generally recognized as a multifactorial 
disease of the cardiovascular system that is associated with genetic 
predisposition, epigenetic factors, and environmental determinants. 
Although	 the	 pathophysiological	 basis	 of	 essential	 hypertension	
remains unclear, recent findings have indicated that the distur-
bance of microcirculation might contribute to its pathogenesis and 
development.2,3

Microcirculation	 refers	 to	 the	 terminal	 vascular	 and	 lymphatic	
network of the systemic circulation, which consists of arterioles, 
capillaries, venules, and lymphatic vessels, and plays a vital role in 
maintaining	 the	 physiological	 function	 of	 tissues.	 Accumulating	
data, including ours, have demonstrated that decreased microvas-
cular blood perfusion contributes to the development of essential 
hypertension	 through	 a	 loss	 of	 endothelial	 nitric	 oxide	 synthase	
(eNOS)	activity	or	reduction	in	bioavailable	NO.4,5 In lymphatic en-
dothelial	cells,	eNOS	 is	 required	for	robust	 lymphatic	contractions	
under physiological conditions,6	 and	 eNOS	 can	 stimulate	 lymph-	
angiogenesis and modulate the activity of afferent and efferent 
collecting lymphatics, which therefore enable blood pressure to be 
maintained	within	normal	ranges.	Nevertheless,	even	though	it	is	a	
comprehensive aspect of integrated microcirculation profile, the re-
lationship between lymphatic microcirculation and essential hyper-
tension is not well studied.

The lymphatic microcirculation is distributed throughout the 
body for the transport of protein and macromolecules through a 
process called vasomotion,7 which refers to the rhythmic spon-
taneous constriction and dilation present in the lymphatics. In 
addition to passive forces, the active driving force derived from 
lymphatic	 vasomotion	 is	 required	 for	 the	 transport	 of	 lymph	
fluid.8	 The	 vasomotion	 of	 collecting	 lymphatic	 vessels	 exhibits	
a great variety of patterns from regular to disarranged oscilla-
tion.	 However,	 limited	 data	 are	 available	 regarding	 the	 dynamic	
changes in functional status of collecting lymphatic vessel vaso-
motion under hypertensive conditions. The major impediment to 
advances in understanding the link between lymphatic microcir-
culation and essential hypertension has been the inability to see 
changes in lymphatic vasomotion. Our group established an auto-
mated method for tracking the vasomotion of intravital collecting 
lymphatic vessels.9	 Additionally,	 lymphatic	 vessel	 contraction	 is	
sensitive	 to	 the	 length-	tension	relationship.	Hence,	we	hypothe-
size a pathological disorder of lymphatic microcirculation profile 
in the progression of hypertension. The present study aimed to 
determine the dynamic changes in functional status of lymphatic 
microcirculation	 in	 spontaneously	 hypertensive	 rats	 (SHRs)	 and	
age-	matched	normotensive	controls.

2  |  MATERIAL S AND METHODS

2.1  |  Animals

This	study	was	approved	by	the	Institutional	Animal	Care	and	Use	
Committee	 (IACUC)	 at	 the	Chinese	Academy	 of	Medical	 Sciences	
(CAMS),	and	all	experimental	procedures	were	performed	according	
to	 the	Guidelines	 for	 the	Care	 and	Use	of	 Laboratory	Animals.	 In	
vivo	studies	were	performed	in	specific-	pathogen-	free	male	Wistar-	
Kyoto	rats	 (WKYs;	eight-		and	thirteen-	week-	old)	and	age-	matched	
SHRs,	all	weighing	180–	200	g.	Rats	(n =	4	per	group)	were	purchased	
from	 the	 Institute	 of	 Laboratory	 Animal	 Sciences	 (CAMS,	 Beijing,	
China)	and	housed	at	a	temperature	of	22	± 1℃	with	55%–	65%	hu-
midity and a 12 h light: 12 h dark cycle. Rats had free access to water 
and food.

2.2  |  Measurement of blood pressure

A	BIOPAC	MP	150	system	and	AcqKnowledge	software	(BIOPAC)	
were	employed	to	measure	the	blood	pressure	of	rats.	After	accli-
matization, rats were anesthetized by intraperitoneal injection of 
sodium	pentobarbital	 (80	mg/kg).	Following	carotid	artery	 intuba-
tion, a pressure transducer and transmitter were advanced into the 
carotid artery in a retrograde manner. The microcatheter was ro-
tated	and	secured	with	a	cephalad-	oriented	 tip.	The	MP	150	data	
acquisition	 analysis	 system	 and	 AcqKnowledge	 software	 (BIOPAC	
System,	Goleta,	CA,	USA)	were	configured	according	to	the	manu-
facturer's	 instructions.	The	Systolic	blood	pressure	 (SBP),	diastolic	
blood	pressure	(DBP),	mean	arterial	pressure	(MAP),	and	heart	rate	
(HR)	of	WKYs	and	SHRs	were	recorded.

2.3  |  Mesentery exteriorization preparation

To evaluate the functional status of lymphatic vasomotion, collect-
ing lymphatic vessels located in the intestinal mesentery that were 
amenable to intravital microscopic observation were used as de-
scribed previously.10-	12	Anesthetized	rats	were	placed	in	the	supine	
position and given a laparotomy by a midline incision. It has been 
reported the pathological changes of mesenteric microcirculation 
first and mainly affect the terminal ileum.13 Based on this, the ter-
minal ileum is thought to be a reasonable area for mesentery lym-
phatic	microcirculatory	observation.	Following	exteriorization	from	
the peritoneal cavity, the terminal ileum mesentery was selected 
for microcirculatory lymphatic observation. Briefly, the mesentery 
was spread over an optical nonfluorescent glass pedestal that was 
placed	in	a	transparent	organic	bath	chamber	with	Krebs-	Henseleit	
(KH)	buffer	(pH	7.4)	continually	flowing	at	a	rate	of	6	ml/min.	The	KH	
solution	contained	118.0	mM	NaCl,	4.7	mM	KCl,	1.2	mM	MgSO4, 
1.25	mM	CaCl2,	1.2	mM	KH2PO4,	25.0	mM	NaHCO3,	and	11.0	mM	
glucose,	and	was	equilibrated	with	a	95%	N2	and	5%	CO2	mixture	
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and warmed to 37 ±	0.5℃ by a thermostatic water bath. To prevent 
tissue	dehydration,	the	exteriorized	loop	of	the	intestine	adjacent	to	
the mesenteric window was covered with medical gauze soaked in 
KH	buffer	(Figure 1A).

2.4  |  Intravital video recording

After	equilibration,	 the	mesentery	was	observed	under	a	Leitz	 in-
travital	microscope	 (ACM,	ZEISS,	Germany)	equipped	with	a	high-	
resolution	video	camera	 (KY-	100,	 JVC,	 Japan)	and	a	high-	pressure	
xenon	 light	 source.	 The	 lymphatic	 contractile/diastolic	 oscillation	
was	continuously	monitored	and	captured	by	TVHome	Media3	soft-
ware	 (Ver	 1.0.2).	 All	 recorded	 videos	 were	 encoded	 by	 an	 XVID	
encoder	 and	 saved	 as	 MPEG4	 format	 files	 for	 measurement	 and	
subsequent	analysis.	Video	frames	were	set	as	24-	bit	true	color	with	
a resolution of 720 ×	576	pixels.	Red-	blue-	green	 (RBG)	was	set	as	

3	channels	with	256	gray	levels	in	each	channel	and	25	frames	per	
second	(PAL	standard).

2.5  |  Characterization of collecting 
lymphatic vessels

To reduce interference derived from anatomical and regional varia-
tions in the lymphatic vessels, collecting lymphatic vessels were iden-
tified	by	the	presence	of	a	single	smooth	muscle	 layer	and	one-	way	
bicuspid	valve	with	continuous	quasiperiodic	constriction-	dilation	cy-
cles.14	Moreover,	the	data	collection	location	was	fixed	downstream	of	
the lymphatic valve of the collecting lymphatic vessels. Using VasTrack 
software,9 the dynamic changes in diameter were tracked and captured 
automatically.	Fifteen	continuous	and	integrated	systolic-	diastolic	cy-
cles of spontaneous lymphatic vasomotion were selected for analysis. 
Moreover,	based	on	the	end-	diastolic	diameter	(EDD)	and	end-	systolic	

F I G U R E  1 Comparisons	of	blood	
pressure	in	WKYs	and	SHRs	at	different	
ages.	(A)	Schematics	of	intravital	
mesenteric lymphatic imaging for 
lymphatic microcirculation visualization. 
In a transparent organic bath chamber, 
the rat mesentery was spread over an 
optical nonfluorescent glass pedestal and 
was	continually	superfused	with	Krebs-	
Henseleit	(KH)	buffer	(pH	7.4)	at	a	rate	
of	6	mL/min.	KH	buffer	was	equilibrated	
with	a	95%	N2	and	5%	CO2	mixture	and	
warmed to 37 ±	0.5℃ by a thermostatic 
water	bath.	Mesenteric	lymphatic	
contractile/diastolic oscillation was 
observed and recorded by Leitz intravital 
microscopy	and	a	high-	resolution	video	
camera.	(B–	E)	Blood	pressure,	including	
systolic	blood	pressure	(B),	diastolic	blood	
pressure	(C),	and	mean	arterial	pressure	
(D),	and	heart	rate	(E)	of	eight-	week-	
old	and	thirteen-	week-	old	WKYs	and	
SHRs	were	measured	and	recorded	by	a	
BIOPAC	MP	150	system.	Blood	pressure	
values	are	expressed	as	means	±	SEM.	
*p <	0.05,	**p < 0.01, ***p < 0.001, 
****p <	0.0001.	SHRs,	spontaneously	
hypertensive	rats;	WKYs,	Wistar-	Kyoto	
rats. n = 4 per group
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diameter	(ESD),	the	contractile	activity	of	collecting	lymphatic	vessels	
was evaluated as previously reported.10,15	The	 frequency	of	 collect-
ing lymphatic vasomotion was defined as the number of contraction/
relaxation	cycles	per	minute.	Moreover,	the	relative	amplitude	was	cal-
culated	by	the	following	equation:

where	A2	and	A1	represent	the	EDD	and	ESD	of	collecting	lymphatic	
vessels, respectively, and the B value is the diameter in the resting 
phase	during	the	contraction/relaxation	cycle.

2.6  |  Contraction fraction and total contraction 
activity index

The contraction fraction was developed to reveal the role of lym-
phatic autonomous contraction.16	Moreover,	 the	 total	 contraction	
activity	index	(TCAI)	represents	lymphatic	pumping	function.17,18 In 
the current study, we employed the contraction fraction and total 
contraction	 activity	 index	 to	 evaluate	 lymphatic	 contractile	 func-
tion. Based on the captured and measured dynamic changes in diam-
eters,	contraction	fraction	and	total	contraction	activity	index	were	
calculated	by	the	following	equations:

where	E	is	the	contraction	frequency,	C	is	the	maximum	diastolic	diam-
eter	and	D	is	the	maximum	systolic	diameter.

2.7  |  Enzyme- linked immunosorbent assays 
(ELISAs)

A	Griess	 reaction	assay	kit	 (R&D	Systems,	MN,	USA)	was	used	 to	
measure	 the	 plasma	 nitrite/nitrate	 concentrations	 of	 WKYs	 and	
SHRs.	 Plasma	 endothelin-	1	 (ET-	1)	 (R&D	 Systems)	 levels	 in	 WKYs	
and	SHRs	in	both	age	groups	were	measured	using	ELISA	kits	in	ac-
cordance	 with	 the	 manufacturer's	 protocols.	 A	 microplate	 reader	
(Thermo	Scientific™	Multiskan™	GO,	MA,	USA)	was	used	to	record	
the	optical	density.	All	plasma	samples	were	measured	in	duplicates.

2.8  |  Evaluation of an ET- 1 inhibitor in lymphatic 
microcirculation profile

To	 investigate	 the	 role	of	ET-	1	plays	 in	pathological	 hypertension,	
additional	 groups	 of	 eight-		 and	 thirteen-	week-	old	 SHRs	 (n = 4 in 

each	group)	were	treated	with	an	ET-	1	receptor	antagonist.	Briefly,	
the mesentery was incubated with 10 μM	bosentan,	an	ET-	1	recep-
tor	antagonist	 (Med	Chem	Express,	Monmouth	Junction,	NJ,	USA)	
for	 30	min.	 As	mentioned	 above,	 lymphatic	microcirculatory	 data	
were collected before and after 10 μM	bosentan	 incubation	were	
collected and analyzed. The lymphatic vasomotion profile, contrac-
tility	and	reflux	were	compared.

2.9  |  Statistical analyses

Statistical	 analyses	were	 performed	 using	 SPSS	 software	 (version	
21.0;	IBM,	Armonk,	NY).	All	collected	lymphatic	data	are	expressed	
as the mean ±	standard	error	of	the	mean	(mean	±	SEM).	For	mul-
tivariate	analysis,	 two-	way	analysis	of	 variance	 (ANOVA)	was	per-
formed between genotype and age to determine which variables 
were independently associated with mesenteric lymphatic microcir-
culation.	Data	 sets	were	 subjected	 to	 Student's	 t-	tests	 after	 two-	
way	 ANOVA	 for	 pairwise	 comparisons	 between	 two	 groups.	 A	 p 
value	less	than	0.05	was	considered	indicative	of	statistical	signifi-
cance. Furthermore, the correlations between mesenteric collecting 
lymphatic vasomotion profile and contractile parameters were ana-
lyzed with Pearson's	correlation	coefficients	(r)	and	were	considered	
relevant with associated p <	0.05	and	values	of	r > 0.4 or r <	−0.4.

3  |  RESULTS

3.1  |  Blood pressure

To investigate the changes in mesenteric lymphatic vasomotion 
under hypertensive conditions, rats at two different stages of hyper-
tension	and	age-	matched	normotension	were	enrolled	in	the	analy-
sis.	 SBP,	DBP,	MAP	and	HR	 in	both	WKYs	and	SHRs	at	 eight	 and	
thirteen weeks are shown in Figure 1.	As	expected,	SHRs	had	signifi-
cantly	higher	SBP	(167	±	2	mmHg	at	eight	weeks,	205	±	6	mmHg	at	
thirteen	weeks),	DBP	(134	±	3	mmHg	at	eight	weeks,	175	±	6	mmHg	
at	 thirteen	 weeks),	 and	 MAP	 (145	 ±	 2	 mmHg	 at	 eight	 weeks,	
185	±	 14	 mmHg	 at	 thirteen	 weeks)	 compared	 with	 age-	matched	
WKYs	 at	 eight	weeks	 (SBP,	 119	±	 7	mmHg;	DBP,	 97	±	 5	mmHg;	
MAP,105	 ±	 8	 mmHg)	 and	 thirteen	 weeks	 (SBP,	 131	 ±	 2	 mmHg;	
DBP, 111 ±	 4	mmHg;	MAP,	117	±	 3	mmHg).	These	values	gradu-
ally	increased	with	the	progression	of	hypertension	(Figure 1B–	1D).	
However,	no	significant	difference	was	observed	in	HR	among	the	
four	groups	(Figure 1E).

3.2  |  Abnormalities of mesenteric collecting 
lymphatic vasomotion in SHRs

The profiles of mesenteric collecting lymphatic vasomotion in 
the	mesentery	were	 revealed	 by	 intravital	 videos	 (Videos	 S1–	S4).	
Notably,	the	collecting	lymphatic	vasomotion	in	both	WKYs	and	SHRs	

Relative amplitude =
A2 − A1

B

Contraction fraction =

C2
− D2

C2

Total contraction activity index =
E
(

C2
− D2

)

C2
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oscillated.	 Spontaneous	 phasic	 contractions/relaxation	 and	 valve	
opening/closing could be identified for most of the collective lym-
phatic	vessels	in	the	mesentery	of	both	WKYs	and	SHRs.	Moreover,	
the rats with and without hypertension differed in mesenteric col-
lecting lymphatic vasomotion, as revealed by representative snap-
shots	 in	 the	end-	diastolic	 and	end-	systolic	 stages	and	by	dynamic	
changes	in	collecting	lymphatic	vessel	diameters	(Figure 2).	Notably,	
eight-		and	thirteen-	week-	old	WKYs	displayed	a	high-	amplitude	col-
lecting	lymphatic	vessel	pumping	pattern	(Figure 2A,2C).	Conversely,	
a	low-	amplitude	collecting	lymphatic	pumping	pattern	was	observed	
in	 age-	matched	SHRs	 (Figure 2B,2D).	Due	 to	 systemic	 compensa-
tion for lymphatic contraction,19 it is necessary to integrate the lym-
phatic	diameter,	amplitude,	and	frequency	to	globally	evaluate	the	
functional status of collecting lymphatic vasomotion.

3.3  |  Quantitative analysis of the mesenteric 
collecting lymphatic vasomotion profile

To unravel the effect of hypertension induction on lymphatic con-
tractile function and to investigate the differences in collecting lym-
phatic	 vasomotion	 between	 SHRs	 and	WKYs,	 four	 parameters	 of	
collecting	lymphatic	contractility	(EDD,	ESD,	relative	amplitude,	and	
frequency)	 were	 subsequently	 quantitatively	 analyzed	 (Figure 3).	
No	 significant	 difference	 in	 the	 EDD	 was	 found	 between	 eight-	
week-	old	 WKYs	 (105.30	 ±	 10.05	 μm)	 and	 eight-	week-	old	 SHRs	
(104.50	± 11.42 μm).	Moreover,	the	EDD	in	thirteen-	week-	old	SHRs	
(141.00	± 21.69 μm)	was	 also	 comparable	 to	 that	 in	 age-	matched	

WKYs	(121.10	± 10.21 μm)	(Figure 3A).	Although	there	was	a	trend	
toward	a	slight	increase	in	the	ESD	of	lymphatic	vasomotion	in	eight-
		 and	 thirteen-	week-	old	 SHRs	 compared	 with	 normotensive	 age-	
matched	WKYs,	no	significant	differences	were	found	 (Figure 3B),	
indicating that lymphatic contractile capability may be impaired in 
the development of hypertension.

Frequency	 fluctuation	 of	 vasomotion	 is	 a	 passive	 phenome-
non caused by natural variation in shear stresses.20	Eight-	week-	old	
SHRs	exhibited	a	 low-	amplitude	contraction	and	relaxation	of	col-
lecting	 lymphatic	 vasomotion	 compared	 with	 age-	matched	WKYs	
(31.20%	±	4.56%	vs 43.26% ± 1.37%, p <	0.05),	although	the	fre-
quency	 of	 collecting	 lymphatic	 vasomotion	 was	 comparable	 be-
tween	the	groups	of	eight-	week-	old	rat	in	the	prehypertensive	stage	
(8.75	± 1.32 cycles/min vs	7.50	± 1.19 cycles/min, p >	0.05).	With	
the	development	of	hypertension,	thirteen-	week-	old	SHRs	revealed	
a	low-	amplitude	lymphatic	vasomotion	with	a	significantly	increase	
in	 frequency	 (18.75	±	 1.25	cycles/min)	 (Figure 3C,3D),	 suggesting	
that	SHRs	lose	the	ability	to	regulate	the	amplitude	and	frequency	
of collecting lymphatic vasomotion.

3.4  |  Mesentery collecting lymphatic reflux in 
WKYs and SHRs

To further investigate the functional status of collecting lymphatic 
oscillations, the microcirculatory kinetics of collecting lymphatic 
vessels	were	analyzed.	The	CF	and	TCAI	are	lymphatic	pumping	met-
rics	that	represent	the	reflux	of	lymph	fluid	and	output	capability	of	

F I G U R E  2 Mesenteric	collecting	
lymphatic	vasomotion	of	WKYs	and	SHRs.	
Representative collecting lymphatic 
contraction and dilation curves were 
generated from recordings of collecting 
lymphatic vessels using intravital 
microscopy and custom VasTrack software 
(n =	4).	(A,B)	Representative	mesentery	
collecting lymphatic vasomotion of 
eight-	week-	old	WKYs	and	SHRs.	(C,D)	
Representative mesenteric collecting 
lymphatic	vasomotion	of	thirteen-	week-	
old	WKYs	and	SHRs.	White	arrows	
indicate the lymphatic vessels. EDD, 
end-	diastolic	diameter.	ESD,	end-	
systolic	diameter.	SHRs,	spontaneously	
hypertensive	rats;	WKYs,	Wistar-	Kyoto	
rats.	Source	data	are	provided	as	
Supplementary	Videos
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F I G U R E  3 Parameters	of	collecting	
lymphatic	contractility:	end-	diastolic	
diameter,	end-	systolic	diameter,	relative	
amplitude,	and	frequency	of	WKYs	and	
SHRs	at	different	ages	(n =	4).	(A,B)	The	
end-	diastolic	diameter	(EDD)	and	end-	
systolic	diameter	(ESD)	are	lymphatic	
vasomotion metrics that represent the 
diameters of lymph vessels per rhythmic 
constriction	and	relaxation,	respectively.	
(C)	The	relative	amplitude	of	collecting	
lymphatic	vasomotion	in	eight-	week-	
old	and	thirteen-	week-	old	WKYs	and	
SHRs	(D)	Frequency	(cycle/min)	of	WKYs	
and	SHRs	at	different	ages.	Values	are	
expressed	as	means	±	SEM.	*p <	0.05,	
**p < 0.01, **p < 0.01, ***p <	0.001.	SHRs,	
spontaneously	hypertensive	rats;	WKYs,	
Wistar-	Kyoto	rats.	EDD,	end-	diastolic	
diameter;	ESD,	end-	systolic	diameter.	
n = 4 per group

F I G U R E  4 Mesenteric	collecting	lymphatic	reflux	and	plasma	chemical	components	in	the	progression	of	hypertension.	The	contraction	
fraction	(CF)	and	total	contraction	activity	index	(TCAI)	in	mesenteric	collecting	lymphatic	vessels	of	WKYs	and	SHRs	were	compared	(n =	4).	
(A)	CF	of	eight-	week-	old	and	thirteen-	week-	old	WKYs	and	SHRs.	(B)	TCAI	of	eight-	week-	old	and	thirteen-	week-	old	WKYs	and	SHRs.	Data	
are	expressed	as	means	±	SEM.	*p <	0.05,	** p < 0.01, *** p <	0.001.	Collecting	lymphatic	vasomotion-	related	plasma	chemical	components	
including	concentrations	of	nitrite/nitrate	and	endothelin-	1,	were	determined	by	ELISAs.	(C)	The	levels	of	plasma	ET-	1	in	eight-	week-	old	
and	thirteen-	week-	old	WKYs	and	SHRs.	(D,E)	The	levels	of	plasma	nitrite/nitrate	in	WKYs	and	SHRs	at	different	ages.	SHRs,	spontaneously	
hypertensive	rats;	WKYs,	Wistar-	Kyoto	rats.	n = 4 per group
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lymph	fluid	per	minute	during	a	single	contraction/relaxation	cycle.	
As	 shown	 in	Figure 4A,	CF	did	not	differ	between	eight-	week-	old	
SHRs	 (0.69	±	0.10)	and	age-	matched	WKYs	 (0.80	±	0.09).	The	CF	
was	 greater	 in	 the	 thirteen-	week-	old	 normotensive	WKYs	 than	 in	
the	thirteen-	week-	old	SHRs	(0.78	± 0.04 vs 0.36 ± 0.03, p < 0.001).	
Moreover,	 CF	 progressively	 and	 significantly	 decreased	 (eight-	
week-	old	 SHRs	vs	 thirteen-	week-	old	 SHRs)	with	 the	development	
of hypertension. Figure 4B	displays	the	TCAI	at	different	stages	of	
hypertension.	The	TCAI	 tended	 to	be	 slightly	decreased	 in	hyper-
tensive	rats	(p >	0.05).	The	gradual	deterioration	of	the	output	capa-
bility	of	lymphatic	fluid	in	SHRs	suggests	a	functional	deficit	in	the	
development of hypertension.

Previous reports have suggested that chemical components 
are	 crucial	 for	 endothelium-	dependent	 relaxation	 in	 lymphatic	 ves-
sels.21 To further assess the lymphatic microcirculatory function in 
WKYs	and	SHRs,	 the	nitrite/nitrate	and	ET-	1	 levels	 in	plasma	were	
evaluated.	 As	 illustrated	 in	 Figure 4D and 4E, plasma nitrite/ni-
trate	 levels	 were	 comparable	 in	 the	 prehypertensive	 stage	 (WKY:	
nitrite 20.87 ± 3.61 μmol/L, nitrate 17.71 ±	 5.57	μmol/L,	 SHR:	 ni-
trite 21.33 ± 1.78 μmol/L, nitrate 16.60 ± 2.22 μmol/L, p >	 0.05).	
In contrast, plasma nitrite/nitrate levels were significantly increased 
in	 thirteen-	week-	old	 SHRs	 (nitrite	 31.26	 ± 2.37 μmol/L, nitrate 
31.64 ± 4.74 μmol/L)	 compared	 with	 age-	matched	 WKYs	 (nitrite	
21.84 ± 2.80 μmol/L, nitrate 19.60 ± 0.63 μmol/L).	Additionally,	as	
a	vasoconstrictor,	the	ET-	1	levels	was	significantly	increased	in	SHRs	
from eight to thirteen weeks compared with normotensive controls 
(eight-	week-	old	 WKYs	 0.14	 ±	 0.11	 pg/mL,	 eight-	week-	old	 SHRs	
4.12 ± 1.23 pg/mL, p <	0.01;	thirteen-	week-	old	WKYs	0.33	±	0.15	pg/
mL,	thirteen-	week-	old	SHRs	3.98	± 1.40 pg/mL, p <	0.05),	indicating	
an imbalance between lymphatic vasodilators and constrictors.

3.5  |  Effect of bosentan on mesenteric collecting 
lymphatic vasomotion

To	 assess	 the	 effect	 of	 ET-	1	 on	 lymphatic	 vasomotion,	 we	 used	
10 μM	bosentan	during	measurements	in	a	separate	group	of	eight-
		 and	 thirteen-	week-	old	SHRs	 (Figure 5A, Videos S5–	S8).	After	 re-
cording spontaneous resting lymphatic vasomotion, oscillation was 
assessed in the same lymphatic vessel by adding 10 μM	bosentan.	
Although	bosentan	acts	as	an	ET-	1	inhibitor,	both	the	EDD	and	ESD	
were	comparable	in	eight-		and	thirteen-	week-	old	SHRs	before	and	
after bosentan. Continuous recordings revealed spontaneous lym-
phatic vessel dilations and constrictions after bosentan administra-
tion	 (with	a	3.59%	diameter	change	 in	eight-	week-	old	SHRs	and	a	
12.10%	diameter	change	in	thirteen-	week-	old	SHRs,	Figure 5A	and	
5B).	 Furthermore,	 no	 significant	 differences	 were	 observed	 be-
tween	the	relative	amplitude	of	lymphatic	vasomotion	in	eight-		and	
thirteen-	week-	old	SHRs	(Figure 5C).	Notably,	lymphatic	vasomotion	
could	be	driven	at	different	frequencies	depending	on	the	presence	
of	bosentan	(Figure 5D)	without	changes	of	CF	and	TCAI	(Figure 5E,	
5F),	suggesting	that	administration	of	bosentan	partially	meliorated	
the	lymphatic	contractile	capability	in	SHRs	regulating	frequency.

3.6  |  Correlation analysis between the 
mesenteric lymphatic vasomotion profile and 
contractile parameters

The differences derived from genotype and age in mesenteric lym-
phatic	vasomotion	were	summarized	by	two-	way	ANOVA	Table	S1).	
Regarding	the	frequency	of	lymphatic	vasomotion,	two-	way	ANOVA	
revealed	main	effects	of	genotype	(p <	0.05)	and	age	(p <	0.001),	as	
well	as	an	interaction	(p <	0.05).	Moreover,	CF	was	significantly	as-
sociated	with	genotype	(p <	0.001)	and	age	(p <	0.05).	In	addition,	
to further investigate whether there was an uncoupling association 
of the hypertensive phenotype with lymphatic microcirculation, 
we	 next	 analyzed	 the	 correlations	 between	mesenteric	 lymphatic	
vasomotion	 profile	 and	 contractile	 parameters.	 As	 demonstrated	
in Figure 6, a significant positive correlation was revealed between 
the	 frequency	 of	 lymphatic	 vasomotion	 and	 TCAI	 in	 eight-	week-	
old	 (r =	 0.950,	p <	 0.05)	 and	 thirteen-	week-	old	WKYs	 (r = 0.962, 
p <	 0.05)	 (Figure 6A,6C).	However,	 no	 significant	 correlations	be-
tween	frequency	and	TCAI	were	found	in	prehypertensive	and	hy-
pertensive	stages	SHRs	(Figure 6B,6D).	Furthermore,	no	significant	
differences were found between the amplitude of lymphatic vaso-
motion	and	contractile	parameters	(CF	and	TCAI)	in	eight-	week-	old	
and	thirteen-	week-	old	WKYs	and	SHRs.	Collectively,	these	lines	of	
evidence suggest that under hypertensive conditions, functional 
status of mesenteric collecting lymphatic vasomotion deteriorates.

4  |  DISCUSSION

Microcirculatory	lymphatic	vessels,	an	important	component	of	mi-
crocirculation,	exhibit	a	rhythmic	constriction-	dilation	cycle,	which	
is responsible for both the propulsion of lymph and the modulation 
of vascular resistance and homeostasis. Dysfunction of microcircu-
latory lymphatic vessels leads to cardiovascular diseases, including 
essential hypertension.22 Essential hypertension is closely related 
to both functional and structural alterations of the microcircula-
tion.	Although	a	previous	study	showed	that	contractile	activity	of	
the thoracic duct was functionally impaired with the development 
of hypertension in vitro,23 there is little direct evidence regarding 
whether the development of hypertension is associated with dys-
functional lymphatic vasomotion. In the current study, we provide 
the first evidence to indicate that impaired functional status of lym-
phatic	microcirculation	in	SHRs	and	disordered	collecting	lymphatic	
vasomotion might be involved in the pathogenesis and development 
of essential hypertension.

The lymphatic endothelial cells lining lymphatic vessels de-
velop	specialized	cell-	cell	junctions	that	are	crucial	for	integrity	and	
vascular functions of lymphatic vessels.24 In addition to microhe-
modynamics, lymphatic microcirculation encompasses lymphatic 
capillaries and collecting lymphatic vessels,25-	28 and it drives and dis-
tributes	microcirculatory	fluid	balance	in	a	non-	linear	way.29	Starling	
forces	(hydrostatic	and	colloid	osmotic	pressure)	and	their	relevance	
to interstitial fluid and pressure homeostasis have revealed that 
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the lymphatic vasculature plays a functional role in hypertension.30 
Physiological and metabolic abnormalities including elevated blood 
pressure, can result in collecting lymphatic remodeling, thereby re-
ducing the potential load capability and impairing intrinsic contrac-
tility. In the present study, we showed the biological oscillation of 
collecting lymphatic vessels, providing evidence for the adaptability 
and	autoregulation	in	normotensive	WKYs.	In	contrast,	SHRs	at	dif-
ferent	ages	 (in	 the	both	prehypertensive	and	hypertensive	stages)	
exhibited	 abnormal	 mesenteric	 lymphatic	 vasomotion	 with	 de-
creased	relative	amplitude	and	increased	frequency,	indicating	two	
regulatory determinants of lymphatic microcirculation to balance 
fluid hemostasis.

Through	 the	 oscillating	 amplitude	 and	 frequency	 of	 lymphatic	
capillaries and collecting vessels, the lymphatic system absorbs 
excess	interstitial	fluid	and	transports	it	back	into	the	blood	micro-
circulation.31 The accumulation of interstitial fluid results from insuf-
ficient lymphatic transportation caused by the dysfunctional status 
of collecting lymphatic vasomotion, supporting the view that lym-
phatic microcirculation is involved in the development of hyperten-
sion.	The	observed	low-	amplitude	high-	frequency	structural	pattern	
of	collecting	lymphatic	vasomotion	in	the	context	of	the	hyperten-
sive condition may be attributed to a compensatory mechanism for 
the elevated blood pressure to maintain hemostasis of the lymphatic 
microcirculation.	 Another	 interesting	 finding	 in	 the	 present	 study	

F I G U R E  5 Effects	of	an	ET-	1	inhibition	on	mesentery	collecting	lymphatic	contractility	and	reflux.	(A)	Representative	EDD	and	ESD	of	
SHRs	at	different	ages	extracted	from	the	collecting	lymphatic	vessels	using	intravital	microscopy	and	custom	VasTrack	software.	Black	
arrows	indicate	the	collecting	lymphatic	vessels.	The	end-	diastolic	diameter	(EDD)	and	end-	systolic	diameter	(ESD)	were	compared	in	the	
right	panel.	(B)	The	representative	collecting	lymphatic	contraction	and	dilation	curves	before	and	after	10	μM	bosentan	administration.	
(C-	F)	Parameters	of	collecting	lymphatic	vasomotion.	(C)	Relative	amplitude,	(D)	Frequency	(cycle/min),	(E)	CF,	and	(F)	TCAI.	*p <	0.05	
versus	SHRs	without	bosentan.	n =	4	per	group.	Source	data	are	provided	as	Supplementary	Videos
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was that no correlations between functional collecting lymphatic 
parameters	and	blood	pressure	were	found	for	WKYs.	Conversely,	
CF was negatively correlated with DBP at both the prehypertensive 
and	hypertensive	stages	of	SHRs.	We	reported	that	microcirculatory	
blood perfusion showed a positive correlation with blood pressure. 
Thus, our data favor the view that microvascular blood perfusion 
might be a greater determinant than collecting lymphatic vasomo-
tion in hypertension.

Lymphatic contractile function is regulated by multiple fac-
tors, including neuronal and humoral factors and shear stress. 
Immune cell trafficking through the lymphatic microcirculation 
is involved in the development of hypertension.32 It is possible 
that	 the	 presence	 of	 M1	 proinflammatory	 peritoneal	 macro-
phages	 leading	 to	 the	 abnormal	 lymphatic	 contraction	 in	 SHRs.	
Furthermore,	under	physiological	conditions,	eNOS	produces	ni-
tric	oxide	 (NO)	 in	 lymphatic	endothelial	cells	during	contraction	
cycles.	The	role	of	the	endothelium-	derived	relaxation	factor	NO	
in	flow-	mediated	dilation	was	 investigated	and	demonstrated	to	
be	correlated	with	the	shear	stress	applied	to	the	vessels.	NO	is	a	

predominant	regulator	of	lymphatic	vessel	contraction	and	relax-
ation via its vasodilatory signal33,34 and is also a regulator of lym-
phatic	contraction	through	pacemaker-	like	activity	in	mesentery	
lymphatic vessels.35,36

Experiments	have	demonstrated	that	cross-	talk	exists	between	
the	 nitrate-	nitrite-	NO	 signaling	 pathway	 and	 the	NOS-	dependent	
system	in	the	regulation	of	NO	homeostasis.	Although	there	is	still	
controversy regarding nitrate/nitrite levels in hypertensive condi-
tions,	decreased	NO	bioavailability	has	been	viewed	to	be	a	major	
pathological phenomenon related to the impaired contractile activity 
of	lymphatic	vessels	in	hypertension.	Our	findings	reveal	that	SHRs	
exhibit	a	higher	total	plasma	nitrate/nitrite	than	the	WKYs	controls,	
which is in line with a previous observation.37	A	possible	explanation	
for	this	discrepancy	is	the	presence	of	a	NOS-	independent	pathway	
and	 increased	 iNOS	activity	 that	 releases	NO	from	protein-	bound	
dinitrosyl	nonheme	 iron	complexes.38,39 These pathological chem-
ical	 components	 are	 consistent	 to	 some	 extent	 with	 our	 recent	
finding	that	SHRs	exhibit	progressively	disordered	microcirculatory	
function.

F I G U R E  6 Correlation	analysis	
between mesenteric lymphatic 
vasomotion profile and contractile 
parameters. Correlation coefficients in 
eight-	week-	old	and	thirteen-	week-	old	
WKYs	and	SHRs	are	shown.	Numbers	
in the figure represent correlation 
coefficients r value. *p <	0.05.	SHRs,	
spontaneously	hypertensive	rats;	WKYs,	
Wistar-	Kyoto	rats.	SBP,	systolic	blood	
pressure; DBP, diastolic blood pressure; 
RA,	relative	amplitude;	F,	frequency;	
CF,	contraction	fraction;	TCAI,	total	
contraction	activity	index
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Moreover,	ET-	1	is	a	potent	vasoconstrictor	of	lymphatic	vessels	
and a regulator of microcirculatory blood perfusion that plays a 
critical	 role	 in	blood	pressure	elevation	 in	a	model	of	experimen-
tal hypertension,40 which contributes to microvascular remodeling 
and endothelial dysfunction. In agreement with studies where the 
plasma	ET-	1	 concentration	 is	 elevated	 in	untreated	patients	with	
hypertension,41	we	found	a	higher	 level	of	ET-	1	during	the	devel-
opment of hypertension. On the other hand, from prehypertensive 
stage to the hypertensive stage, the beneficial effect of bosentan 
in	SHRs	is	associated	with	a	decreased	frequency	of	lymphatic	va-
somotion and an increased tendency of CF and relative amplitude 
of lymphatic vasomotion. Together, the elevated levels of plasma 
nitrite/nitrate	and	ET-	1	over	their	physiological	ranges	in	hyperten-
sion	are	considered	a	compensatory	response	to	imbalanced	eNOS	
activity,	proinflammatory	cytokines,	and	oxidative	stress	which	are	
indicative of the pathogenesis of hypertension. Our data further 
strengthen the importance of the lymphatic microcirculatory pro-
file in hypertension.

5  |  CONCLUSION

Our	study	provides	evidence	that	SHRs	exhibit	abnormal	lymphatic	
microcirculatory profiles, including disarranged collecting lymphatic 
vessel vasomotion with reduced relative amplitude and increased 
oscillating	 frequency	 during	 the	 progression	 of	 hypertension.	We	
believe that focusing on the nature of pathological changes in the 
lymphatic microcirculatory profile will help enhance the understand-
ing of the microcirculation in hypertension.

6  |  PERSPEC TIVES

We	 provided	 evidence	 of	 the	 occurrence	 of	 a	 gradually	 impaired	
lymphatic microcirculatory profile from the normotensive to the 
prehypertensive	stage	in	SHRs.	As	it	is	an	interconnected	and	inte-
grated system, characteristics of lymphatic microcirculation provide 
crucial information for microcirculatory profile. The current finding 
suggests a need to establish “lymphatic microcirculatory obser-
vatories” to pave the way for basic and preclinical research of the 
microcirculation.
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