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Abstract

The significance of kidneys in regulation of sodium and water balance and hemodynamics has
been demonstrated both in patients and animal models. In the present study, we tested our
hypothesis that kidneys play an essential role in control of sex differences in Ang Il-dependent
hypertension.

Kidney transplantations (KTXs) were performed between male and female C57BL/6 mice (F,
female; M, male; donor—-recipient: F—F; M—M; F—M; and M—F). Radio-telemetry
transmitters were implanted for measurement of mean arterial pressure (MAP) during the infusion
of Ang Il (600ng/kg/min). Gene expressions and inflammatory responses in the transplanted grafts
were assessed.

We found that same-sex-KTX mice still exhibited sex differences in Ang Il-dependent
hypertension (31.3+0.8 mmHg in M—M vs. 12.2+0.6 mmHg in F—F), which were reduced
between M and F when they received kidneys of the opposite sex (32.9+1 mmHg in M—F vs.
22.3+0.7 mmHg in F—M). The sex differences in gene expressions, including AT1, AT1/AT2,
ET1, ETA, NHE3, aENaC and -yENaC, were unaltered in same-sex KTX and much lessened in
cross-sex KTXs. In addition, the cross-sex KTXs exhibited more robust inflammatory responses
reflected by higher expression of IL-6, TNFa, and KC than same-sex KTX.

Our results indicate that kidneys play an essential role in sex differences of Ang Il-dependent
hypertension. KTX of male kidneys to females augmented the BP response while KTX of female
kidneys to males attenuated the BP response. The host’s extra-renal systems modulate expressions
of many genes and inflammatory response, which may also contribute to the sex differences in
blood pressure regulation.
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Introduction

Methods

Hypertension affects about 1 in 3 U.S. adults and is the leading risk factor for cardiovascular
diseases.1~3 Multiple regulatory systems, such as the vasculature, the heart, the central
nervous system, and the kidneys, have been demonstrated to participate in the regulation of
the blood pressure (BP).# Among them, the kidneys have been demonstrated to play a vital
role in the development of hypertension in both humans and experimental animal models.>-8
Kidneys transplanted from hypertensive donors increase BP in normotensive recipients,
whereas kidneys transplanted from normotensive donors lower BP in hypertensive recipients
both in clinical”~10 and experimental renal transplantation studies.11-14

Epidemiological studies indicate that the prevalence of hypertension is greater in men than
premenopausal women regardless of race, ethnicity or country of origin.1>-17 Women are
protected from more cardiovascular events compared to men until menopause. Sex
differences in BP are also observed in experimental hypertensive models.18:19 The effects of
sex hormones, such as estrogen and testosterone, on the sex differences in BP regulations
have been extensively studied in recent years.2%-22 However, whether kidneys play an
important role in control of the sex differences in BP has not been clarified.

In the present study, we tested our hypothesis that kidneys play an essential role in control of
the sex differences in Ang Il-dependent hypertension. The sex differences pattern in high BP
will be altered between males and females when they receive kidneys of opposite sex. To
test our hypothesis, we performed KTX between male and female mice, induced
hypertension and measured gene expressions and inflammatory responses in the transplanted
grafts. Our results indicate that while the kidneys play an essential role in the control of the
sex differences in hypertension, the extra-renal mechanisms also contribute to the sex
differences in BP regulation.

All procedures and experiments were approved by the Institutional Animal Care and Use
Committee at the University of South Florida College of Medicine. All chemicals were
purchased from Sigma-Aldrich (St. Louis, MQ) except as indicated.

Detailed methods and associated references are available in the online-only Data
Supplement. (See online-only Data Supplement)

Statistical Analysis

All data were presented as mean values + SE. MAP and HR curves between groups were
compared using 2-way ANOVA with Tukey’s post-hoc tests as appropriate. The MAP
response curves within animals were compared using Student paired ¢test. The mMRNA
expressions of all the factors were compared among multiple groups using 1-way ANOVA
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with Tukey’s post-hoc tests. A p- value of <0.05 was considered to be statistically
significant. Statistical analysis was performed with GraphPad Prism, version 6.0h (GraphPad
Software).

Graft function assessment post KTX

After KTX, the mice were allowed to recover for 4 weeks. Plasma creatinine concentration,
glomerular filtration rate (GFR) (n=7; Fig. S1A and 1B) and plasma testosterone and
estradiol levels were all in normal range (n=7; Fig. S2A and S2B).

Changes in MAP and heart rate (HR) in responses to Ang Il infusion

To determine sex differences in Ang Il-induced hypertension, we measured the MAP with
radio-telemetry system. The basal MAP were similar and within normal range in all groups
of animals (Fig. 1A, Figure S3A and B).

The MAP started to increase from about the 4™ day following Ang Il infusion. The
maximum increase in MAP was 31.3+0.8 mmHg in M—M and 12.2+0.6 mmHg in F—F in
the same-sex-KTX groups (p< 0.01 Ang Il infusion vs. basal; n=7; Fig. 1A). In cross-sex-
KTX groups, the Ang Il-induced maximum increase in MAP was 22.3+0.7 mmHg in F—M,
which was significantly lower than M—M group but higher than F—F group. The
maximum increase in MAP in M—F group was 32.9+1 mmHg, which was significantly
higher than F—F group but similar to the M—M group. The results indicate that a female
kidney in a male mouse attenuated the BP response while a male kidney in a female mouse
had the same response as in a male mouse. The sex differences in MAP in response to Ang
Il infusion were present in the same-sex-KTX groups, but attenuated in cross-sex-KTX mice
(p< 0.01; n=7; Fig. 1B).

Females showed higher basal HRs than males in the same-sex-KTX groups (613+11 bpm
for F—F mice and 532+13 bpm for M—M mice). After cross-sex KTX, the HRs of female
mice with implanted male kidneys (M—F) remained unchanged compared with F—F mice.
However, the HRs increased about 40 bpm for male mice with implanted female kidneys
(F—M) compared with M—M mice (p<0.01; n=7; Fig. 2A and B). Ang Il infusion did not
significantly change the HRs for either male or female mice.

Receptors and sodium cotransporters

To test if the recipient’s internal environment modulates gene expression of the transplanted
grafts, we measured the expression levels of genes related to vascular contractility and the
sodium reabsorption after 2-weeks of Ang Il infusion. For all statistical comparisons, we
focused on the comparison of the mMRNA expressions of the donor kidneys between cross-
sex recipients and the same-sex recipients (M—M vs. F—M and F—F vs. M—F) which
were emphasized in the inset graphs in figures.

Angiotensin Il receptors (ATR)—The mRNA levels of AT1R and AT,R for both males
and females in the same-sex-KTX groups did not change significantly compared with their
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respective controls. AT{R mRNA was 2-fold higher in males than females for both same-
sex-KTX and control groups (p<0.01 M—M vs. F—F and FC vs. MC; n=7; Fig. 3A). In the
cross-sex-KTX groups, M—F mice showed a decrease in the expression level of AT1R
MRNA compared with M—M mice. However, transplanted grafts from female donors to
male recipients (F—M) resulted in a 50% increase of AT{R mRNA compared with F—F
mice. Thus, the differences in the expression of AT{R between male and female grafts were
attenuated after cross-sex KTX (p<0.05; n=7; Fig. 3A).

AT,R mRNA expression levels were higher in female than male mice in same-sex-KTX and
control groups (p<0.01 M—M vs. F—F and FC vs. MC; n=7; Fig. 3B). In cross-sex-KTX
groups, the differences of AT,R levels between male and female grafts did not change much.

ET system—The level of ET-1 mRNA for both males and females in the same-sex-KTX
groups did not change significantly compared with their respective controls. ET-1 mRNA
level in male kidneys were about 8-fold higher than that in female kidneys. (p<0.01 M—M
vs. F—F and FC vs. MC; n=7; Fig. 3C). In the cross-sex-KTX groups, the ET-1 mRNA
level in the kidneys of M—F mildly decreased compared with M—M mice and showed a 5-
fold increase in the kidneys of F—M compared with F—F mice (p<0.01 F—M vs. F—F;
n=7; Fig. 3C). After cross-sex KTX, the sex differences of ET-1 mRNA expression was
dramatically mitigated (p<0.01 M—M vs. F—M and M—F vs. F—F; n=7; Fig. 3C).

Male mice exhibited almost 2-fold higher of ET o mRNA expression than females in both
control and same-sex-KTX groups (p<0.01 FC vs. MC and M—M vs. F—F; n=7; Fig. 3D).
After cross-sex KTX, the abundance of the ET o mRNA was decreased in grafts of M—F
group compared with M—M mice. The sex differences were attenuated in ETp mMRNA
expression in cross-sex-KTX groups in female recipients. No significant change in the
expression of ET o mRNA was found in F—M group compared with F—F mice. (p<0.05;
n=7; Fig. 3D) and there were no change of the sex differences in the ETA mRNA expression
in cross-sex-KTX groups in male recipients. The expression levels of ETg did not differ in
all groups (n=7; Fig. 3E).

Sodium transporters—Expressions of sodium transporter mMRNAs were measured in
whole kidney following 2-weeks of Ang Il infusion. Fig. 4 summarized the observed
decreases in NHE3 and ENaC mRNA expression and unaltered mRNA expression in
NKCC2 and NCC between transplanted grafts and their respective controls.

Male mice exhibited about 33%, 45% and 40% higher mRNA expression of NHE3 and two
subunits of ENaC, a- and -y- ENaC, respectively, than female mice in the control and same-
sex-KTX groups (p<0.01 M—M vs. F—F and FC vs. MC; n=7; Fig. 4A, 4D and 4F).
Reductions of about 22%, 20% and 24% in NHE3, a- and -y- ENaC mRNAs were detected,
respectively, in M—F mice compared with M—M mice. However, the expression of the
NHE3, a- and -y- ENaC mRNA increased about 10%, 50% and 70%, respectively, in F—>M
mice compared with F—F mice. Thus, the sex differences in the expression of NHE3 and a-
and -y- ENaC mRNA were lessened post cross-sex KTX compared with same-sex KTX (p<
0.05 F—M vs. M—M; and M—F vs. F—F; n=7; Fig 4A, 4D and 4F).
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NKCC-2 mRNA in females (F—F) was 25% higher than in males (M—M) in same-sex-
KTX groups (p<0.01 M—M vs. F—F and FC vs. MC; n=7; Fig. 4B). In cross-sex-KTX
groups, the mRNA level of NKCC-2 in the female grafts did not change after transplanted
into male recipients compared to that in female recipients. The mRNA level of NKCC-2 in
the male grafts in the female recipients increased to the level of female grafts in female
recipients. Sex differences in NKCC2 mRNA between male and female grafts did not
change in the male recipients. However sex differences in NKCC2 mRNA between male and
female grafts diminished in the female recipients. No significant sex differences in the
mRNAs of NCC and - ENaC have been detected in either same-sex-KTX or cross-sex-
KTX groups (n=7; Fig. 4C and 4E).

Inflammatory response

Histology

Several typical inflammatory markers including IL-6, KC, TGFp and TNFa were measured
following Ang Il infusion after KTX. Both same-sex and cross-sex-KTX groups exhibited
an enhanced inflammatory response compared to control groups. Males exhibited higher
levels of IL-6, KC and TNFa than females in the same-sex-KTX groups. Cross-sex KTX
further stimulated the inflammation response for both males and females. In particular, the
IL-6 levels were raised more than 4 folds in the cross-sex-KTX groups for both male and
female kidneys when they were transplanted to opposite sex recipients. There were
significant sex differences in the 1L-6 level in the cross-sex KTX groups (p<0.01 F—M vs.
M—M and M—F vs. F—F n=7; Fig 5A). No significant sex differences were found in the
expression of KC and TGFp mRNA in cross-sex-KTX groups.

Kidney histology was assessed with light microscopy. The kidney grafts in all groups
demonstrated minor tubular injuries with focal intra-tubular hyaline casts. The tubular
injuries were more severe in the M—F cohort compared with all other cohorts. No
significant interstitial fibrosis or vascular abnormalities were evident in the kidney grafts
(n=7; Fig 6).

Body and kidney weight

After KTX, the body weight of all the mice dropped about 10% in the first three days and
gradually recovered in two weeks. At the end of the experiment, the body weight of all the
groups was comparable to the mice without any operation for both sexes, respectively. The
kidney weight of the M—M mice was about 32% heavier than that of F—F mice, however,
the kidney weight between the M—F and the F—M transplanted mice was similar (*p<0.05
vs. other groups; n=7; Table S2).

Discussion

The present study examined the role of the kidneys in sex differences in Ang I1-dependent
hypertension by same- and cross-sex KTX in C57BL/6 mice. The sex differences in Ang I1-
induced hypertension still existed after same-sex KTX. The sex differences in hypertension
were attenuated following cross-sex KTX, which were accompanied by lessened or
diminished sex differences in mRNA levels of AT1, AT1/AT2 ratio, ET1, ETA, NHE3 and a
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and -y units of ENaC in the transplanted grafts. In addition, cross-sex KTX enhanced
inflammatory response in the transplanted kidneys, reflected by significant increases in
MRNA levels of IL-6, TNFa, and KC. These results indicated that kidneys play an essential
role in sex differences in Ang ll-dependent hypertension. Meanwhile the host’s extra-renal
environment may contribute to the sex differences in BP by modulating gene expressions
and inflammatory responses in the transplanted grafts.

Sex differences in BP are observed both in humans and experimental animal models with
hypertension.23-25 However, the underlying mechanisms for the sex differences in BP have
not been completely elucidated. The renal renin-angiotensin aldosterone system (RAAS)
plays an essential role in the long-term control of arterial pressure. Chronic Ang Il infusion
is a widely-used method for experimental hypertension.26-28 In this study, we performed
KTX between same sex and cross sexes mice and induced hypertension by chronic infusion
of subpressor-dose of Ang Il to test the significance of the kidneys in sex differences in BP
regulation. Mice with same-sex KTX showed similar basal MAP compared with non-
transplanted mice for both males and females,2° demonstrating that the transplant procedure
and nephrectomy did not significantly affect BP. We observed that same-sex KTX did not
change the sex differences in Ang ll-induced hypertension compared with control groups.
This result confirmed the previous finding that, in response to Ang Il infusion, males exhibit
greater responses compared to females.2430:31 |nterestingly, we found that the cross-sex
KTX attenuated the sex differences in MAP in response to the chronic infusion of Ang I1.
The MAP in the group of M—F was simillar to that in the group of M—M. The presence of
a kidney from a male donor in female recipient restored the magnitude of the hypertension
to the levels similar to those observed in male mice. However, the MAP in the group of
F—M was significantly higher than that in the group of F—F, but still significantly lower
than that in the mice with male donors (M—M and M—F groups). Abundant evidence
indicated that manipulation of sex steroid hormones through gonadectomy alters the course
of hypertension.32:33 Here, we uncovered the impact of the sex steroid hormones on BP
under physilogical condition. These data may indicate that while the kidneys play an
important role in control of sex differences in BP, other factors also contribute to the
regulation of BP after cross-sex KTX.

Multiple mechanisms have been reported to contribute to the sex differences in hypertension,
including vascular contractility and tubular sodium reabsorption controlled by RAS,28
endothelin system,343% sodium transporters such as NHE3, NKCC2, NCC and ENaC36:37
and the immune system.38 Previously, we demonstrated the changes in gene expression and
renal function after cross-sex KTX in normotensive animals.3? In the present study, we
extended our investigation to hypertensive mice and the renal mechanisms of sex differences
in hypertension.

We measured mRNA levels of the typical components of RAS, ET system and sodium
transporters in the transplanted grafts. In the same-sex-KTX groups, males (M—M) showed
a higher ratio of AT1/AT2 as well as higher expression of ET-1 and ET 4 than females
(F—F), which are in similar patterns to native kidneys in previous studies.31:344041 Cross-
sex KTX significantly attenuated the sex differences in the expression of these genes.
Regarding the sodium transporters, NKCC2 levels were higher in females and NHE3, and a-
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and -y- ENaC were more abundant in males in the same-sex-KTX groups, consistent with the
previous studies in native kidneys.36:4243 |n the cross-sex-KTX groups, the sex differences
in the expression of NKCC2, NHE3 and the a.- and y- ENaC were greatly attenuated or
even reversed compared with same-sex-KTX groups. NCC mRNA expression levels did not
differ between males and females in all sex combinations. These results indicated that the
surgical procedure did not affect the gene expression patters in the same-sex KTX. It also
revealed the complexity in sex differences in BP regulation, which may result from multiple
factors of both intra- and extra-renal mechanisms. In addition, the sex difference patterns in
gene expression levels in our recent study in normotensive mice39 were similar to the that in
the present study in Ang Il-induced hypertensive mice. These data indicate that the genotype
of the transplanted grafts and the host internal environment may play an important role in
regulation of the gene expressions in the grafts. Ang Il infusion only played a minor role in
modulating the gene expressions.

Inflammation is essential in the development of hypertension, including in Ang Il-induced
hypertension.#44> Extensive evidence showed that there are sex differences in the magnitude
of renal T-cell infiltration.#6:47 In this study, we compared the sex differences of
inflammatory response to Ang Il-induced hypertension by measuring the renal expression of
IL-6, TNF-a, TGFp and KC after same-sex and cross-sex KTXs. Cross-sex KTX increased
the inflammatory response to Ang Il in both males and females, especially in the expression
levels of I1L-6 compared with same-sex-KTX groups. These data suggest that alterations in
the extra-renal environment enhanced inflammatory responses, which may be significant in
long-term graft function and could have potential translational significance in human KTXGs.
It should be noted that minor histocompatibility antigen rejection, in which female recipients
reject grafts from the male donors due to incompatibility with the male H-Y antigen,48:49
may be one of the factors that induce higher inflammatory response in M—F group
compared with other paired groups. The enhanced inflammatory response in M—F group
may partially contribute to the high response of the MAP to the infusion of Ang Il. Our
results are in agreement with the findings from several clinical trials, in which female
recipients from male donors exhibited a higher rate of graft failure.%>1 However, other
clinical trials did not find the correlation between M—F group and graft function.>2 These
inconsistent observations may reflect the complexities in human KTX. It should be pointed
out that implanted transmitters may enhance inflammatory response®3 in the present study.

Sex steroids have been demonstrated to play an important role in modulating physiological
factors in control of sex differences in BP.2* Ovariectomy, orchiectomy, central blockade or
total knockout of estrogen or androgen receptors and administration of steroid have been
applied to study the sex differences in hypertension.>>°6 While these studies have provided
valuable information and advanced our understanding of sex differences in many areas, all
these strategies do not accurately mimic the physiological conditions. Here, we took
advantage of cross-sex KTXs to provide a real opposite sex environment for the transplanted
grafts and investigated the role of the kidneys in sex differences in hypertension. We believe
that this approach would provide an additional tool in studying the significance of the
kidneys in sex differences in both physiological and pathological situations.
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Perspectives

The present study investigated the sex differences in Ang ll-induced hypertension and
assessed the expression of main components of RAS, endothelin system, and tubular sodium
transporters in same-sex and cross-sex-KTX mice. We demonstrated that cross-sex KTX
decreased sex differences in Ang ll-induced hypertension compared with same-sex-KTX
and control groups. These findings indicate that while the kidneys played an important role
in determining the sex differences in BP, the hosts’ extra-renal environment also contributed
to the sex differences in the regulation of renal hemodynamics by modulating the gene
expressions in the transplanted grafts. Apparently enhanced inflammatory response in the
grafts of cross-sex-KTX groups may influence the sex differences in hypertension and could
have potential translational significance in the graft function in human KTXs. The results of
the present study also revealed the complexity of the mechanisms involved in regulation of
the gene expression, renal function and hemodynamics following KTX. Our findings may
also provide some useful information in precision medicine based on gender for prevention
and treatment of hypertension, as well as in improvement in graft function in KTXs.
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Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance
What |1s New?

This study investigated the role of kidneys in sex differences in blood pressure by same-
sex and cross-sex-kidney transplantations in mice.

What |s Relevant?

We demonstrated novel information in understanding the underlying physiological
mechanisms of sex differences in blood pressure regulation, which may provide new
approaches in precision medicine based on gender in prevention and treatment of
hypertension.

Summary

Kidneys play an essential role in determining sex differences in blood pressure. The
hosts’ extra-renal environment also contributes to the sex differences in the regulation of
renal hemodynamics by modulating the gene expressions and inflammations in the
transplanted grafts.
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Fig 1. Theresponse of MAP to a subpressor dose of Ang Il infusion
Mean arterial pressure (MAP) was measured with telemetry in response to a subpressor dose

of Ang Il infusion (600 ng/min/kg). A: MAP. (*p<0.01 vs. basal; by student’s #test); B:
Delta values of MAP (difference in the Ang Il-induced peak response minus basal) for
same- and cross-sex-KTX groups (#p<0.01 vs. F—F and F—M; %p<0.05 vs. F—F; n=7;
by 2-way ANOVA) (donor—recipient; M: male, F: female).
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Fig 2. Theresponse of HRsto subpressor dose of Ang |l infusion
Heart rates (HRs) were measured with telemetry in response to a subpressor dose of Ang Il

infusion (600 ng/min/kg) (A) Heart rates over time; (B) Mean heart rates (# p<0.01 vs.
F—M, n=7; by 2-way ANOVA) (donor—recipient; M: male, F: female)
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Fig 3. The gene expressions of the componentsin the RAASand ET systems
Expression levels of mRNA of the components in RAAS and ET systems in the transplanted

kidneys following subpressor dose of Ang Il infusion (600 ng/min/kg). (Insert graph showed
the magnitude of the donor effect on measured parameters by comparing the sex differences
in the gene expression in kidney grafts housed in same sex host) A: AT1R (*p<0.01 vs. MC;
# p<0.01 vs. F—F and F—M; % p<0.05 vs. F—F); B: AT2R (*p<0.01 vs. MC; # p<0.01
vs. F—F and F—M; % p<0.05 vs. F—F); C: ET-1 (*p<0.01 vs. MC; # p<0.01 vs. F—F
and F—M and % p<0.01 vs. F—F); D: ET 5 (*p<0.01 vs. MC; # p<0.01 vs. F—F and
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F—M; % p<0.01 vs. F—F) and E: ETg. (n=7; by 1-way ANOVA; donor—recipient; M:
male, F: female)
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Fig 4. Therelativerenal gene expression of the sodium transporters
Expression levels of mRNA of sodium transporters in the transplanted kidneys following

subpressor a dose of Ang Il infusion (600 ng/min/kg). (Insert graph showed the magnitude
of the donor effect on measured parameters by comparing the sex differences in the gene
expression in kidney grafts housed in same sex host) A: NHE3 (*p<0.05 vs. F—F and MC;
# p<0.01 vs. MC, F—F and F—M; @ p<0.05 vs. F—F); B: NKCC2 (*p<0.01 vs. MC; #
p<0.01 vs. F—F and F—M); C: NCC; and D,E and F: a-,- and y- ENaC (*p<0.01 vs.
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MC; # p<0.01 vs. F—F and F—M; and % p<0.01 vs. F—F) (n=7; by 1-way ANOVA;
donor—recipient; M: male, F: female;).
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Fig 5. Therelativerenal gene expression of the inflammatory factors

Inflammatory markers in the transplanted kidneys following a subpressor dose of Ang Il
infusion (600 ng/min/kg). (Insert graph showed the magnitude of the donor effect on

measured parameters by comparing the sex differences in the gene expression in kidney
grafts housed in same sex host) A: 1L-6 (& p<0.01 vs. M—M; % p<0.01 vs. F—F); B:

FC

FSF MOF

TNFa (*p<0.01 vs MC; # p<0.01 vs. F—F and F—M; % p<0.01 vs. F—F); C: TGFp ((#
p<0.01 vs. MC and F—M; and % p<0.01 vs. FC); and D: KC (# p<0.01 vs. MC and F—F;

% p<0.01 vs. FC and F—F) (n=7; by 1-way ANOVA; donor—-recipient; M: male, F:

female).
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Fig 6. Histology
A. PAS staining showed minor tubular injuries with focal intra-tubular hyaline casts.

B. M—F cohort showed higher tubular injury scores than other groups. (% p<0.01; n=7; by
1-way ANOVA; donor—-recipient; M: male, F: female)
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