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Augmenting Renal Lymphatic Density Prevents Angiotensin
ll-induced Hypertension in Male and Female Mice
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BACKGROUND

Renal inflammation and immune cell infiltration are character-
istic of several forms of hypertension. Our laboratory has previously
demonstrated that renal-inflammation-associated lymphangiogenesis
occurs in salt-sensitive and nitric-oxide-inhibition-induced hyperten-
sion. Moreover, enhancing renal lymphatic density prevented the de-
velopment of these two forms of hypertension. Here, we investigated
the effects of angiotensin Il-induced hypertension on renal lymphatic
vessel density in male and female mice.

METHODS

Wild-type and genetically engineered male and female mice were
infused with angiotensin Il for 2 or 3 weeks. Isolated splenocytes and
peritoneal macrophages from mice, and commercially available mouse
lymphatic endothelial cells were used for in vitro studies.

RESULTS
Compared to vehicle controls, angiotensin Il-infused male and female
mice had significantly increased renal lymphatic vessel density in

With the revision of the Hypertension Clinical Guidelines
in 2017, nearly half of the adult population in the United
States is classified as being hypertensive, and hypertension
is the leading modifiable risk factor for deaths from cardio-
vascular diseases.! Overactivation of the renin-angiotensin-
system (RAS) is a powerful mediator of high blood pressure
(BP) and its accompanying risks; accordingly, angiotensin-
converting enzyme inhibitors and angiotensin receptor
blockers remain popular for the treatment of hypertension.?
Sex differences in hypertension are well documented;*-> men
have a higher prevalence of hypertension than women from
ages 45 to 54 years, whereas from age 75, more women be-
come hypertensive. Despite improved awareness and treat-
ment options, roughly 30%-60% of hypertensive patients do
not achieve BP targets and lowering BP by just 10 mm Hg
significantly reduces risks and improves health outcomes.
Several studies over the past years have established that renal
infiltration of immune cells and inflammation is linked to hy-
pertension in humans and experimental models; experimentally
reducing inflammation reduces hypertension, thus confirming
this link.”® Renal infiltration of activated macrophages,

association with pro-inflammatory immune cells in the kidneys of these
mice. Direct treatment of lymphatic endothelial cells with angiotensin Il
had no effect as they lack angiotensin Il receptors; however, angiotensin
Il treatment of splenocytes and peritoneal macrophages induced se-
cretion of the lymphangiogenic growth factor VEGF-C in vitro. Utilizing
our genetic mouse model of inducible renal lymphangiogenesis, we
demonstrated that greatly augmenting renal lymphatic density prior to
angiotensin Il infusion prevented the development of hypertension in
male and female mice and this was associated with a reduction in renal
CD11c*F4/80" monocytes.

CONCLUSION

Renal lymphatics play a significant role in renal immune cell trafficking
and blood pressure regulation, and represent a novel avenue of therapy
for hypertension.
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dendritic cells, and T and B lymphocytes promote sodium re-
tention, mediate renal injury and fibrosis, and elevate BP10-12
Angiotensin IT (Ang IT), among other factors, is a powerful acti-
vator of the immune system, promoting pro-inflammatory cy-
tokine production by activated immune cells.!® In turn, these
cytokines lead to activation of RAS components, thus setting
up a vicious cycle. Sex differences have also been noted in renal
immune cell infiltration during hypertension. Increased pressor
responses to Ang II in males is associated with greater T-cell in-
filtration in the kidney and perivascular adipose tissue.'*!> The
mechanisms contributing to this differential response have not
been fully elucidated, and gaining a better understanding of BP
control in both males and females remains important.
Lymphatic vessels transport extravasated fluid, cells,
and proteins out of the tissue interstitium to the draining
lymph node, eventually returning it to the circulation, thus
maintaining immune surveillance and tissue fluid bal-
ance.'®!” Inflammation-associated lymphangiogenesis is
observed in many renal inflammatory diseases including
renal carcinoma, unilateral ureteral obstruction, and
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diabetic nephropathy.!® Previous studies from our laboratory
have demonstrated that lymphangiogenesis in the kidney is
associated with hypertension in spontaneously hyperten-
sive rats, and salt-sensitive hypertension and nitric-oxide-
inhibition-induced hypertension in mice.'** Endogenous
renal lymphangiogenesis accompanied immune cell accu-
mulation and is likely a result of the increased physiolog-
ical need for immune cell clearance during inflammation.
In fact, accumulating monocytes have been identified as
the source of the lymphangiogenic factor VEGF-C in the
kidney upon injury.?! In all of these models, the extent of
lymphangiogenesis, however, is limited and potentially in-
sufficient to restore tissue homeostasis. We hypothesized
that augmenting renal lymphatic density prior to the onset
of hypertensive stimuli will prevent the development of
hypertension. Using a genetic mouse model of inducible
renal lymphangiogenesis, we demonstrated that enhancing
renal lymphatic density prevented the development of salt-
sensitive and nitric-oxide-inhibition-induced hypertension,
and this was associated with a reduction in renal immune
cell accumulation in both of these models.?

In this study, we examined the effects of Ang II-induced
hypertension (A2HTN) on renal lymphatic vessels. As
mentioned earlier, because sex differences have been
documented in the pressor response to Ang II infusion and
in renal accumulation of immune cells, we independently
studied the effects of A2HTN on renal lymphatic density in
male and female mice. In addition, we examined the direct
and indirect effects of Ang II on lymphatic endothelial cells
(LECs). We also tested the effects of genetically augmenting
renal lymphatic vessel density on A2HTN in male and fe-
male mice. Our hypotheses were that male and female mice
with A2HTN will demonstrate an increase in renal lymphatic
vessel density, and that Ang IT will directly induce the acti-
vation and adhesion of LECs. We also hypothesized that the
genetic augmentation of renal lymphatic density will prevent
the development of A2HTN in both male and female mice.

METHODS

A detailed description of the methods used is provided in
the Supplementary Data.

RESULTS

Renal lymphatic vessel density is increased in male mice
with A2HTN

To examine changes in renal lymphatic density induced
by A2HTN, male mice were infused with saline (control)
or Ang II for 2 or 3 weeks. As expected, Ang II-infused
mice were hypertensive at weeks 2 and 3 (Figure la;
P < 0.05). Cross-sections of kidneys isolated from these
mice were stained with antibodies against the lymphatic
vessel markers LYVE-1 (Figure 1b) and podoplanin (not
shown). Compared to controls, A2HTN male mice at 2 and
3 weeks had a visible increase in the number of lymphatic
lumina (Figure 1b). This was then quantified by counting
every LYVE-1+, lumen-containing vessel found around
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the cortical interlobular arteries in each kidney section.
The mean number of lymphatic vessels per kidney section
and per artery were significantly increased in A2ZHTN male
mice at 2 and 3 weeks compared to controls (Figure 1c,d;
P <0.01). A corresponding increase in renal gene expression
of Lyvel and Pdpn (P < 0.05) further supported these data;
however, there was no significant change in gene expression
of the lymphangiogenic signal Vegfc (Figure le, P = 0.28).
We hypothesized that this increase in renal lymphatic vessel
density was an inflammation response and thereby associ-
ated with renal immune cell accumulation. To test this hypo-
thesis, we performed flow cytometry analysis on the kidneys
of these mice. For the gating strategy used, see Supplementary
Figure la. A2HTN male mice had significant increases in
F4/80"CD11c™ monocytes at 2 weeks, and CD3E* T cells,
CD11c¢*F4/80-, F4/80*CD11c™, and CD11c¢*F4/80* mono-
cyte populations at 3 weeks, while CD11c"F4/80~ cells were
decreased at week 3 (Figure 1f; P < 0.05). Renal mRNA ex-
pression of the pro-inflammatory markers Tnfa, Il1b, and
Mcp1 were also increased in A2HTN male mice at 2 and 3
weeks (Supplementary Figure 2a; P < 0.01). Together, these
results suggest that A2HTN male mice demonstrate an in-
crease in renal lymphatic vessel density in association with
renal accumulation of pro-inflammatory immune cells and
a corresponding increase in renal gene expression of pro-
inflammatory cytokines.

Renal lymphatic vessel density is increased in female mice
with A2HTN

As noted earlier, A2HTN females exhibit differences in
immune activation and inflammatory milieu. Hence, we de-
termined whether A2HTN in female mice was associated
with an increase in renal lymphatic vessel density. Female
mice were similarly infused with saline or Ang II for 2 or
3 weeks, and as expected, these mice were hypertensive al-
though to a lesser degree than males (Figure 2a; P < 0.05).
Similar to males, females with A2HTN had an increase in
renal lymphatic vessel staining as demonstrated by immu-
nofluorescence for LYVE-1 (Figure 2b) and podoplanin
(not shown). Quantification of these vessels demonstrated
that the mean number of lymphatic vessels per kidney sec-
tion and per artery were significantly higher in A2HTN
females at 2 and 3 weeks compared to controls (Figure
2¢,d; P < 0.05). In addition to the increased mRNA expres-
sion of Lyvel and Pdpn, A2HTN females also upregulated
their expression of Vegfc in the kidney (Figure 2e; P < 0.05).
Upon analysis of renal immune cell populations, we noted
that A2HTN females had significantly increased renal
CD11c*F4/80~ and CD11c*F4/80* monocytes at 2 weeks,
and that the CD11¢*F4/80~ monocytes remained elevated at
3 weeks (Figure 2f; P < 0.05). The renal immune cell accu-
mulation was also associated with a significant increase in
gene expression of Tnfa, Il1b, and Mcpl with a trend toward
increased II6 mRNA levels in the kidneys (Supplementary
Figure 2b; P < 0.05). These data collectively suggest that
A2HTN female mice demonstrate an increase in renal lym-
phatic vessel density in association with renal accumulation
of CD11c+ monocytes and pro-inflammatory cytokines.
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Figure 1. RLV density is increased in male mice with angiotensin ll-induced hypertension: (a) systolic blood pressure measures in male mice infused
with saline (Control) or Ang Il for 2 (M-ANGII-2wk) or 3 (M-ANGII-3wk) weeks. (b) LYVE-1 (lymphatic vessel endothelial hyaluronan receptor 1) immuno-
fluorescence on kidney sections from Control, M-ANGII-2wk, and M-ANGlII-3wk mice. Scale bars = 50 um. Renal interlobular lymphatic density as deter-
mined by mean number of LYVE-1+, lumen-containing lymphatic vessels (RLVs) (c) per kidney section and (d) per artery. (e) Gene expression changes in
lymphatic vessel markers in kidneys from Control, M-ANGII-2wk, and M-ANGII-3wk mice. (f) Immune cell populations expressed as percentage of CD45+
cells in kidneys of Control, M-ANGII-2wk, and M-ANGII-3wk mice as determined by flow cytometry. Results are expressed as mean + SEM (n = 6 per group),
and statistical analyses were performed with Student’s t test. *P < 0.05 vs. Control mice. Abbreviations: Ang ll, angiotensin II; BV, blood vessel; RLV, renal

lymphatic vessel.

Ang ll-activated splenocytes induce LEC activation and
inflammation

It has been reported that the concentration of Ang I in the
renal interstitium is several fold higher than in the plasma.?
As this interstitial fluid comes in direct contact with LECs,
we first tested whether Ang II could directly act on LECs to
induce their activation. Primary mouse LECs treated with
vehicle or Ang II for 24 hours demonstrated no difference in
gene expression for various markers involved in LEC activa-
tion, adhesion, and proliferation (Figure 3a). Furthermore,
no detectable transcript levels of the Ang II receptors Agtrla
or Agtr2 were found in these LECs (Figure 3b), suggesting
that interstitial Ang IT does not directly act on LECs.

As there were no direct effects of Ang II on LECs, we
then determined the effects of Ang II-treated immune cells
on LECs. Splenocytes were treated with vehicle control (sa-
line) or Ang II for 48 hours and conditioned media (CM)
were collected. In order to elicit an acute response to Ang

IT treatment in vitro, and as females are known to have a
dampened immune response to Ang II, only splenocytes
isolated from male mice were used. Compared to control
CM-treated LECs, Ang II CM-treated LECs had increased
gene expression of the inflammatory markers Cxcl10 and
Nos2, the adhesion molecules Icam and Veam, and the
VEGEF-C/VEGE-D receptor Vegfr3 (Figure 3¢; P < 0.01).
To identify whether Ang II induces immune cells to secrete
VEGE-C, splenocytes and peritoneal CD11b+ cells were
isolated and treated with Ang II. Treatment with Ang II in-
duced elevated secretion of the VEGFR-3 ligand VEGF-C as
measured by ELISA (Figure 3d,e; P < 0.05). Furthermore,
inhibition of the Ang II receptors AT1aR and AT2R with
losartan (Los) and PD123319 (PD), respectively, blocked the
secretion of VEGF-C (Figure 3d,e). These results demon-
strate that although interstitial Ang II does not directly act
on LECs, it induces activation of LECs through its effects on
immune cells and primarily CD11b+ cells.
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Figure 2. RLV density is increased in female mice with angiotensin ll-induced hypertension: (a) systolic blood pressure measures in female mice infused
with saline (Control) or angiotensin Il for 2 (F-ANGII-2wk) or 3 (F-ANGII-3wk) weeks. (b) LYVE-1 (lymphatic vessel endothelial hyaluronan receptor 1) im-
munofluorescence on kidney sections from Control, F-ANGII-2wk, and F-ANGII-3wk mice. Scale bars = 50 um. Renal interlobular lymphatic density as
determined by mean number of LYVE-1+, lumen-containing lymphatic vessels (c) per kidney section and (d) per artery. (e) Gene expression changes in
lymphatic vessel markers in kidneys from Control, F-ANGII-2wk, and F-ANGlII-3wk mice. (f) Inmune cell populations expressed as percentage of CD45* cells
in kidneys of Control, F-ANGII-2wk, and F-ANGII-3wk mice as determined by flow cytometry. Results are expressed as mean + SEM (n = 6 per group), and
statistical analyses were performed with Student’s t test. *P < 0.05 vs. Control mice. Abbreviations: BV, blood vessel; RLV, renal lymphatic vessel.

Genetic augmentation of renal lymphatic vessel density
prevents the development of A2HTN in male mice

We used our genetic mice that undergo doxycycline
(DOX)-inducible, kidney-specific VEGF-D overexpression
(KidVD) that leads to massive lymphangiogenesis to de-
termine the effects of enhanced renal lymphatic density
on A2HTN.? Administration of DOX a week before Ang
II infusion induced the overexpression of the VEGFR-3-
specific ligand VEGF-D and led to augmentation of renal
lymphatic density in KidVD(+) male mice. KidVD(-) male
mice infused with Ang II became hypertensive starting at
week 1 and remained hypertensive throughout the 3-week
Ang 1II infusion. However, the enhanced renal lymphatic
density in KidVD(+) male prevented the development
of A2HTN (Figure 4a). Renal immunofluorescence for
podoplanin (Figure 4b), podoplanin+ pixel density (Figure
4c; P < 0.001), and gene expression of associated lym-
phatic vessel markers (Figure 4d; P < 0.05) supported the
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augmented renal lymphatic density. Gene expression of
the LEC-derived immune cell trafficking chemokine Ccl21
also tended to be increased in KidVD(+) males (Figure
4d; P = 0.08). The observed BP response was not due to
alterations in microvessel density, as identified by quanti-
fication of endomucin+ pixel density (Figure 4e). In asso-
ciation with the attenuation of BP, KidVD(+) male mice
demonstrated a significant decrease in renal CD11c*F4/80~
monocytes (Figure 4f; P < 0.05). Gene expression of Tnfa
and Il1b that were previously elevated in the A2HTN
males were normalized in Ang II-treated KidVD(+) males
(Supplementary Figure 2c). In addition, although wild-type
male mice given Ang II had significantly elevated levels of
the injury markers Fnl and Lcn2, these were normalized in
KidVD(+) mice (Supplementary Figure 3). These data dem-
onstrate that augmentation of renal lymphatic vessel den-
sity in male KidVD(+) mice prevented the development of
A2HTN, and this was associated with a reduction in renal
CD11c¢*F4/80~ monocytes.
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Figure 3. Angiotensin Il-activated immune cells induce LEC activation and inflammation: (a) Gene expression changes in LECs treated with vehicle
(saline) or Ang Il for 24 hours. (b) Gel electrophoresis of PCR products from mouse kidney (positive control) and primary mouse LECs amplified for Agtria
and Agtr2. Rn18s was used as housekeeping gene. (c) Gene expression changes in LECs treated for 24 hours with conditioned media from saline-treated
or Ang lI-treated splenocytes. VEGF-C levels in conditioned media derived from (d) splenocytes or (e) peritoneal CD11b+ cells treated with saline, Ang Il
Ang Il + Los, Ang Il + PD, or Ang Il + Los + PD for 48 hours as measured by ELISA. All experiments were performed in triplicate. Results are expressed as
mean + SEM, and statistical analyses were performed with Student’s t test. #0.05 < P < 0.1 vs. Control; *P < 0.05 vs. Control or Control CM. Abbreviations:
Ang ll, angiotensin II; CM, conditioned media; LEC, lymphatic endothelial cell; PCR, polymerase chain reaction.

Genetic augmentation of renal lymphatic vessel density
prevents the development of A2HTN in female mice

Given the possible contribution of different im-
mune mechanisms to hypertension and associated
lymphangiogenesis in male and female mice, we deter-
mined if augmented renal lymphatic vessel density could
prevent A2HTN in female mice. DOX was administered
to female KidVD(-) and KidVD(+) mice for a week, fol-
lowing which these mice received DOX and Ang II for 3
weeks. Similar to males, KidVD(-) female mice developed
hypertension, but KidVD(+) female mice did not develop
A2HTN (Figure 5a). The expansion of renal lymphatic den-
sity in KidVD(+) females was confirmed by immunofluo-
rescence for podoplanin (Figure 5b), podoplanin+ pixel
quantification across kidney sections (Figure 5¢; P < 0.001),
and quantitative polymerase chain reaction for Vegfd,
Lyvel, and Pdpn (Figure 5d; P < 0.01). KidVD(+) females
also had significantly increased renal mRNA expression of
Ccl21 (Figure 5d; P < 0.01). Quantification of endomucin+
pixel density revealed no changes in microvasculature den-
sity between these mice (Figure 5e). We hypothesized that
the enhanced renal lymphatic density would aid in the ex-
filtration of immune cells. Indeed, similar to KidVD(+)
males, KidVD(+) female mice had a significant reduction
in renal CD11c¢*F4/80" monocytes (P < 0.05); however,
there were no changes in the other immune cell populations
analyzed (Figure 5f). Furthermore, mRNA levels of Tnfa,

Il1b, Mcpl, and Il6 were normalized in Ang II-treated
KidVD(+) female mice compared to wild-type mice given
Ang IT (Supplementary Figure 2d). As expected, although
wild-type female mice given Ang II did not have signifi-
cantly increased gene levels of Fnl and Lcn2, they tended
toward an increase, whereas mRNA levels of these renal in-
jury markers were not elevated in KidVD(+) female mice
(Supplementary Figure 3b). Thus, augmentation of renal
lymphatic vessel density in female mice prevented the de-
velopment of A2HTN in association with a reduction in
renal CD11c*F4/80~ monocytes.

DISCUSSION

In this study, we demonstrated that renal lymphatic
vessel density and immune cell numbers are increased in
kidneys of male and female mice with A2HTN. We also
demonstrated that Ang IT does not have direct effects on
LECs because they lack Ang II receptors, but acts on im-
mune cells, primarily CD11b+ cells, to induce the secre-
tion of the lymphangiogenic growth factor VEGF-C, and
this process is Ang II receptor dependent. In addition,
CM from Ang II-activated immune cells induced the tran-
scription of the lymphangiogenic growth factor receptor
Vegfr3, adhesion molecules Icam and Veam, and inflam-
matory markers CxclI0 and Nos2 in LECs. Finally, we
demonstrated that augmenting renal lymphatic density
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Figure 4. Genetic augmentation of renal lymphatic vessel density prevents the development of angiotensin ll-induced hypertension in male mice:
(a) Systolic blood pressure measures in KidVD(-) and KidVD(+) male mice infused with Ang Il for 3 weeks (KidVD(-) M-ANGII and KidVD(+) M-ANGII).
(b) Podoplanin immunofluorescence on kidney sections from KidVD(—) M-ANGII and KidVD(+) M—ANGII mice. Scale bars = 50 pm. (c) Renal lymphatic
density in KidVD(-) M-ANGII and KidVD(+) M-ANGII mice as measured by podoplanin+ pixel density. (d) Gene expression changes in lymphatic vessel
markers in kidneys from KidVD(—) M-ANGII and KidVD(+) M-ANGII. (e) Renal microvessel density in KidVD(-) M-ANGII and KidVD(+) M-ANGII mice meas-
ured by endomucin+ pixel density. (f) Immune cell populations expressed as percentage of CD45* cells in kidneys of KidVD(—) M-ANGII and KidVD(+)
M-ANGII mice as determined by flow cytometry. Results are expressed as mean + SEM (n = 5 per group), and statistical analyses were performed with
Student’s t test or one-way ANOVA. #0.05 < P < 0.1 vs. KidVD(—) M-ANGII mice; *P < 0.05 vs. KidVD(—) M-ANGII mice. Abbreviations: Ang Il, angiotensin II;

DOX, doxycycline.

prevented the development of A2HTN in male and female
mice, and in both cases, we observed a reduction in renal
CD11c¢*F4/80~ monocyte accumulation.

In general, female mice have a greater expression and
activation of the nonclassical RAS (Ang type II receptor,
Mas receptor, ACE2), which is thought to underlie their
differential response to Ang II.* The kidneys in par-
ticular might play an essential role in mediating these
differences as kidney transplant from female to male
mice attenuated Ang II-induced increases in BP.?° In our
study, although associative, we noted differences in renal
immune cell accumulation between males and females.
Although males showed significant increases in T cell
and CD11c*F4/80-, F4/80"CD11c-, and CD11c*F4/80*
monocytes after 3 weeks of Ang II, females only exhibited
an increase in CD11c*F4/80" monocytes at this time
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point. Studies have demonstrated that females have atten-
uated renal T-cell accumulation and have been shown to
be partially protected from the pro-hypertensive effects
of T cells in A2HTN. The female hormonal milieu has
been suggested to suppress T-cell mediated reactions, al-
though this remains unclear. Once activated, monocytes
secrete pro-inflammatory cytokines and activate T cells.
Naive T cells polarize to Th1 or Th17 cells, which in turn
secrete cytokines and cause sodium retention and hyper-
tension.?® Although Tnfa, I11b, and Mcp1 gene expression
in the kidneys was upregulated by 2 weeks of Ang II infu-
sion in males, these cytokines were increased mostly only
by the 3rd week in females. The mechanisms behind this
discrepancy are currently unknown; nevertheless, our
study further corroborates the existence of sex-specific
regulation of immune mechanisms during A2HTN.
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Figure 5. Genetic augmentation of renal lymphatic vessel density prevents the development of angiotensin ll-induced hypertension in female mice:
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endomucin+ pixel density. (f) Immune cell populations expressed as percentage of CD45* cells in kidneys of KidVD(—) F-ANGII and KidVD(+) F-ANGII mice
as determined by flow cytometry. Results are expressed as mean + SEM (n = 5 per group), and statistical analyses were performed with Student’s t test
or one-way ANOVA. #0.05 < P < 0.1 vs. KidVD(-) F-ANGII mice; *P < 0.05 vs. KidVD(—) F-ANGII mice. Abbreviations: Ang II, angiotensin II; DOX, doxycycline.

Regardless of the difference in pressor response to Ang II
infusion, A2ZHTN male and female mice both had an almost
2-fold increase in the number of renal lymphatic vessels per
artery (Figure 6), suggesting that the lymphangiogenesis is
caused by other stimuli and not the BP itself. In the kidney,
activated macrophages and tubular epithelial cells could se-
crete VEGF-C and contribute to lymphangiogenesis.” As
renal interstitial Ang II levels are several fold higher than
that in the plasma,?? we determined whether Ang II has di-
rect effects on LECs in vitro. The lack of changes in gene ex-
pression indicates that Ang II does not directly act on LECs,
likely due to the absence of its receptors on LECs. However,
CM from Ang II-stimulated splenocytes induced the tran-
scription of Cxcl10, Nos2, Icam, and Vecam in LECs. Ang II
has been shown to induce immune cell proliferation and
their secretion of pro-inflammatory cytokines.®* When
activated by these cytokines, LECs increase their expression

of adhesion molecules and chemokines, and this has been
shown to aid leukocyte transmigration across the lymphatic
endothelium.***! In addition, LECs also increased their
transcription of the VEGF-C receptor Vegfr3 when treated
with Ang IT CM. Inflammatory stimuli have been shown to
induce VEGE-C secretion by immune cells, and hence, to
identify whether Ang IT stimulates immune cells to secrete
VEGEF-C, splenocytes and peritoneal CD11b+ cells were
stimulated with Ang II in vitro. Treatment with Ang II in-
duced VEGF-C secretion by both splenocytes and peritoneal
CD11b+ cells. Inhibiting AT1R or both AT1R and AT2R, but
not AT2R alone, on splenocytes diminished this response,
whereas blocking either of the receptors or both prevented
the increase in VEGF-C secretion by CD11b+ cells. Whether
Ang II receptor stimulation directly induces VEGF-C secre-
tion or activates the TGFp or connective tissue growth factor
pathway to induce VEGF-C will be examined.
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Figure 6. Sex-specific differences in blood pressure but not in renal lymphatic density in mice: (a) Systolic blood pressure measures after 3 weeks of
saline or angiotensin Il treatment in wild-type and KidVD male and female mice. (b) Renal interlobular lymphatic density as determined by mean number
of LYVE-1+, lumen-containing lymphatic vessels (RLVs) per kidney section after 3 weeks of saline or angiotensin Il treatment in wild-type and KidVD male
and female mice. Results are expressed as mean + SEM (n = 5-6 per group), and statistical analyses were performed with Student’s t test. *P < 0.05 vs.
same treatment/genotype male mice. Abbreviations: Ang Il, angiotensin II; RLV, renal lymphatic vessel.

Although inflammation-associated lymphangiogenesis is
a common event in chronic inflammation, the consequences
of these newly grown vessels seem to be tissue- and context-
dependent.’>3 In the context of hypertension, our labora-
tory has previously demonstrated that renal inflammation
induces lymphangiogenesis and that further augmenting
renal lymphatic density prevents the development of nitric-
oxide-inhibition-induced and salt-sensitive hyperten-
sion.!*?0 Besides immune activation, sex differences may
also exist in the regulation of lymphatic responses. Recently,
it was shown that estradiol promotes the transcriptional
upregulation of Vegfd, Vegfr3, and Lyvel, and confers a pro-
tective effect against lymphedema.’* Here, we report that
females, but not males, have an increased gene expression of
Vegfc in the kidney during Ang IT infusion. Whether females
have a more robust lymphangiogenic response to Ang
II-induced renal inflammation and whether this underlies
their different susceptibilities to Ang II-induced responses
remain to be determined. Overall, these differences highlight
the need to independently investigate BP regulation in both
males and females. Nonetheless, augmenting renal lymphatic
density using our genetic mouse model was able to prevent
the development of A2HTN in both male and female mice.
It should be noted that while the tail-cuff method is suffi-
cient to detect large differences in BP as seen in this study, it
would be beneficial to obtain more accurate BP values using
the telemetry approach. The enhanced lymphatics could aid
in the clearance of interstitial immune cells, as evidenced by
reduced accumulation of renal CD11¢*F4/80~ monocytes in
both males and females.

In conclusion, A2HTN induces an increase in renal
lymphatic vessel density in male and female mice. Ang II
induces secretion of the lymphangiogenic growth factor
VEGE-C by activated immune cells in vitro and could
potentially aid lymphangiogenesis. Further augmen-
tation of renal lymphatic density beyond pathological
levels prevents the development of A2HTN in males and
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females and might represent a novel mechanism of regu-
lation of BP.

SUPPLEMENTARY DATA

Supplementary data are available at American Journal of
Hypertension online.
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