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Abstract: In recent decades, the roles of tacrolimus and mycophenolate mofetil (MMF) in hypertension
have been under discussion. However, the question of whether there are sex-specific responses to
these agents has not received enough attention. Aim: To evaluate sex-specific differences in the
responses to tacrolimus and mycophenolate mofetil in female (F) and male (M) spontaneously
hypertensive rats (SHRs) and evaluate whether T cells contribute to mean arterial pressure (MAP)
changes. Methods: Male and female SHRs received either tacrolimus or MMF for 14 days. The rats
were implanted with radiotelemeters. MAP was measured chronically; then, circulating and renal
infiltrated CD4+, CD8+, T helper 17 (Th17), and T regulatory (Treg) cells were quantified using flow
cytometry. Key Findings: Tacrolimus increased MAP only in males, and it decreased CD4+ and CD8+

T cells in both males and females (p < 0.05). The tacrolimus-induced reduction of renal CD4+ and
Treg cells was more profound in males. MMF reduced MAP and circulating and renal CD4+ and
CD8+ T cells in the male and female rats. MMF also decreased Th17 and Treg cells in both sexes,
but the decrease in Th17 was higher in males (p < 0.05) and the reduction in Treg cells was higher
in females (p < 0.05). Our findings indicate that the effects of tacrolimus and MMF on renal T cell
subsets are sex-specific. Significance: Targeting T cells in hypertension using therapeutic agents may
have different effects on men and women; so, the management of hypertension and post-transplant
hypertension using these agents should be specified by gender.

Keywords: hypertension; sex-differences; spontaneously hypertensive rats; tacrolimus; mycopheno-
late mofetil

1. Introduction

Hypertension is a modifiable risk factor responsible for the high morbidity and mortal-
ity of cardiovascular events [1]. Within its pathogenesis, the immune system may contribute
to the development and maintenance of hypertension [2]. Consequently, it involves inflam-
matory mechanisms in the kidney, peripheral vasculature, and central nervous system [3–6].
Several studies have demonstrated that hypertension in males and females is partly me-
diated by the activated immune system, particularly the adaptive immune system [2,6];
however, the precise mechanism(s) underlying sex differences in hypertension remain
unclear.

Compelling evidence suggests that T cells play a significant role in hypertension [2,3,6–8].
Therefore, targeting them with immunosuppressive agents such as tacrolimus and my-
cophenolate mofetil (MMF) may be considered an alternative therapy for severe forms of
hypertension. Tacrolimus (FK-506), a potent immunosuppressive agent, is used to decrease
the incidence of allograft rejection, rheumatoid arthritis, multiple sclerosis, and systemic
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lupus erythematosus [9]. Tacrolimus’ mode of immunosuppressive action is well docu-
mented; it binds to the immunophilin FK-506 binding protein and blocks the proliferative
response of T cells to antigens by inhibiting the phosphatase activity of calcineurin, thereby
inducing a reduction in T cells [10–12]. MMF is a prodrug of mycophenolic acid (MPA)
used for renal or cardiac allograft rejection. It is an inhibitor of inosine-5’-monophosphate
dehydrogenase that blocks the cell cycle, inhibits T and B lymphocyte proliferation, and
induces apoptosis [13].

Immunosuppressive agents have been used in several animal studies to demonstrate
the role of immune cells in hypertension. However, the effect of immunosuppression
on hypertension is inconsistent. On the one hand, studies on male hypertensive rats
have determined that immunosuppressive agents ameliorate blood pressure, suggesting
that the immune cells contribute to blood pressure regulation in males [3,8,12–14]. On
the other hand, it has been demonstrated that some immunosuppressive agents increase
blood pressure [15]. Interestingly, a study on SHRs revealed that female SHRs have a
superior MMF response compared with males, suggesting that the immune cells play a
more significant role in female hypertension [6]. However, it is unknown whether this is
the case for tacrolimus, thus necessitating its investigation. Moreover, whether different
immunosuppressive agents have sex-specific effects on hypertension needs to be elucidated.
Therefore, the present study tested the hypothesis that there are sex-specific differences in
the role of T cells in mediating hypertension in SHRs. To test the hypothesis, we studied
the blood pressure responses to two different immunosuppressive agents, tacrolimus and
MMF, in male and female SHRs.

2. Materials and Methods
2.1. Experimental Animals

Spontaneously hypertensive rats (SHRs), male (M: n = 28) and female (F: n = 28), aged
three months, were obtained from Taconic Farms (Germantown, NY, USA). The rats were
housed on a 12-h light/dark schedule in a temperature-controlled (25 ◦C) room in the
Animal Care Facility at the University of Mississippi Medical Center, approved by the
American Association for the Accreditation of Laboratory Animal Care. The animals were
given ad libitum access to standard rat chow and water throughout the study, except when
they were required to fast the night before the metabolic cage. All protocols were approved
by the Animal Care and Use Committee of the University of Mississippi Medical Center
(approval protocol: #297E). After the experiment, the rats were deeply anesthetized.

2.2. Experimental Design I

The SHRs [male (M): n = 7 and female (F): n = 7] were randomly divided into four
groups according to whether they would receive vehicle (Control) or tacrolimus (T) treat-
ment (M-C, M-T, F-C, and F-T). The SHRs (male and female) received tacrolimus suspended
in saline in daily doses (0.25 mg/kg/day, i.p.) for 14 days, and each Control group received
vehicle. Body weight and food intake measurements were collected daily.

2.3. Experimental Design II

The SHRs (male (M): n = 7 and female (F): n = 7) were randomly divided into four
groups according to whether they would receive the vehicle (Control) or MMF treatment
(M-C, M-MMF, F-C, and F-MMF). The SHRs (male and female) received MMF suspended
in 5% dextrose, with daily doses (20 mg/kg/day, i.p.) for 14 days, and each Control group
received vehicle. Body weight and food intake measurements were collected daily.

To determine tacrolimus and MMF dosage, a search of PubMed was conducted.
Several different studies that have reported administration of tacrolimus and MMF in the
specific species were reviewed (8, 9,11–15). Based on these previous studies, the dosages
were determined and a small sample size was tested prior to the actual experiments.
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2.4. Blood Pressure Measurement

Rats were implanted with radiotelemetry transmitters (TA11PA-C40; Data Sciences
International, St. Paul, MN, USA) into the abdominal aorta below the renal arteries, as we
previously described [16]. Using an induction chamber, rats were subjected to an induction
dose of isoflurane varying from 2–3% isoflurane in 100% oxygen. Then, isoflurane was
individually regulated and delivered at 1–3% for maintenance through a sterile nose cone.
While under gas isoflurane, the depth of anesthesia was monitored regularly. After two
weeks of recovery, 5–7 days of baseline mean arterial pressure was measured. Following
baseline, rats received tacrolimus/MMF or vehicle treatment for 14 days, and mean arterial
pressure was measured during this period.

2.5. Urinary Protein, Albumin, Sodium, and Nitrate Excretion

For these studies, rats were placed in individual metabolic cages for 24-h collection
of urine for the measurement of protein, albumin, sodium, and nitrate excretion at the
end of the drug administration period. These cages were equipped with a double-fine
mesh screen that separated food and feces contamination from collected urine. After a
one-day adaptation, 24 hr food and water intake and urine output volume were measured
for three consecutive days. Urinary protein excretion was measured by the method of
Bradford [17] with the use of a commercially available reagent (Bio-Rad, Richmond, CA,
USA), and urinary albumin excretion was measured using the Nephrat ELISA (Exocell,
Philadelphia, PA, USA). Urinary sodium concentration was measured by atomic absorp-
tion spectrophotometry (Instrumentation Laboratory) and expressed as urinary sodium
excretion [18]. Nitrate/nitrite excretion (NOx) was measured in urine from rats placed in
metabolism cages for 24 h. Nitrate/nitrite was measured as previously described by our
laboratory [19].

2.6. Two-Color Flowcytometry

After the experiment, blood and kidney samples were collected. To enable the detec-
tion of circulating and infiltrated T cell subsets, the T cell panel was designed. Then, cells
were stained for expression of CD4, CD8, CD25, and IgM using purified mouse anti-rat
CD4, CD8a, CD25 (BD Biosciences, San Jose, CA, USA), and anti-IgM-FITC-conjugated
(Southern Biotech, Birmingham, AL, USA) antibodies, as described previously [20]. To
identify pro-inflammatory Th17 (CD4+CD25−RORγ+) cells from anti-inflammatory Treg
(CD4+CD25+FoxP3+) cells, further leukocytes were stained for CD4, CD25, ROR-γt, or
FoxP3 expression. Cells were permeabilized and fixed before staining for the intracellular
RAR-related orphan receptor-γ (ROR-γ) and X-linked forkhead/winged helix (FoxP3)
transcription factors, using anti-ROR-γ-PE-conjugated (R&D Systems, Inc., Minneapolis,
MN, USA) and anti-FoxP3-Allophycocyanin (APC)-conjugated antibodies (eBioscience, San
Diego, CA, USA), as described previously [20]. After intracellular staining, CD4+ T cells
were selected in order to segregate Th17 from Treg subsets. The percentage of ROR-γ+ and
FoxP3+ cells were measured within the gate (selected population). Th17 were measured as
CD4+CD25-ROR-γ+ and Treg were measured as CD4+CD25+Foxp3+. The number of cells
of interest were measured by flow cytometry (Beckman Coulter Gallios Analyzer, Beckman
Coulter, Inc., Indianapolis, IN, USA). Negative control for each rat was performed using
isotype controls matched to each primary antibody’s host species, isotype, and conjugation
format. The percent of positive staining cells above the negative control was collected for
each individual rat, and mean values for each experimental group (Control, Treated) were
calculated. To correctly interpret flow cytometry data and count for background antibody
fluorescence, the Fluorescence Minus One Control (FMO) principle was used. The Forward
and Side Scatter gating strategy was applied. First, leukocyte populations were identified;
subsequently, lymphocytes were gated, and T cells were identified by expression of CD4+

and CD8+ markers, respectively. Then, CD4+ T cells were selected, and further gating
identified Th17 (CD4+CD25-RORγ+) T cells from (CD4+CD25+FoxP3+) Treg subsets.
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2.7. Tissue Digestion for Lymphocyte Preparation

Kidneys were collected in PBS and held at 4 ◦C in sterile Hank’s balanced salt solution.
Kidneys were minced with a razor blade, digested at 37 ◦C for 1 hr in RPMI + 125 U/mL
Collagenase IV + 200 ug/mL DNase I, and processed as described previously [20]. Cells
were collected, processed, and quantified by flow cytometry.

2.8. Statistical Analyses

All data are expressed as mean ± SEM. Data were analyzed by Student’s t-test (for
two groups) or one-way Analysis of Variance (ANOVA) with multiple repeat measures.
Differences were considered statistically significant at p < 0.05.

3. Results
3.1. Body Weights

Body weights were similar in 16–17 week old rats exposed to tacrolimus or vehicle
treatment in the same sex, respectively [(M-C: 386 ± 9 g, n = 7 vs. M-T: 366 ± 15 g, n = 7, p:
NS) (F-C: 199 ± 8 g, n = 7 vs. F-T: 193 ± 7 g, n = 7, p: NS)]. Similarly, MMF treatment did
not change body weight in all groups [(M-C: 313 ± 3 g, n = 7 vs. M-MMF: 318 ± 6 g, n = 7,
p: NS) (F-C: 190 ± 8 g, n = 7 vs. F-MMF: 198 ± 9 g, n = 7, p: NS)]. In addition, food intake
and water intake were measured once a week for the entire period of study and there were
no significant changes in these parameters.

3.2. Mean Arterial Blood Pressure

The blood pressure baseline period was 5–7 days. After that, the drug was ad-
ministered for 14 days in each case. In the case of the tacrolimus, the baseline period
was 5 days (Figure 1A,B). On the other hand, the baseline period for MMF was 7 days
(Figure 1C,D). Mean arterial pressure (MAP) was higher in male-control than female-
control SHRs (Figure 1A,B). After a four-day baseline period, tacrolimus treatment in-
creased blood pressure in males (M-C: 143 ± 3 vs. M-T: 163 ± 4 mmHg, p < 0.05; Figure 1A),
and elevated blood pressure in M-T rats was maintained during the whole treatment pe-
riod. However, as shown in Figure 1B, tacrolimus treatment did not affect female rats (F-C:
132 ± 3 vs. F-T: 133 ± 2 mmHg, p: NS; Figure 1B). In contrast, chronic administration of
MMF decreased MAP in both males (M-C: 153 ± 2 vs. M-MMF: 140 ± 2 mmHg, p < 0.05;
Figure 1C) and females (F-C: 128 ± 2 vs. F-MMF: 113 ± 2 mmHg, p < 0.05; Figure 1D). After
the baseline period, M-MMF and F-MMF showed an increase in blood pressure on days 7
and 8 (days 2 and 3 for treatment), respectively, then the values decreased. F-MMF has a
faster depressor response than M-MMF, but by the end of day 10 of the MMF treatment
period, both the absolute numerical reduction (M-MMF: 5 ± 1; F-MMF: 13 ± 1 mmHg; p:
NS) and the percentage reduction (M-MMF: 10 ± 1%; F-MMF: 11 ± 1%; p: NS) in MAP
were similar between groups.

3.3. Renal Function

To see if the kidneys were affected, albuminuria and proteinuria were evaluated in
all groups. The albuminuria was much higher in male-control than in female-control
rats (p < 0.05). Albuminuria and proteinuria were significantly increased in males [(M-C:
1.49 ± 0.08 mg/24 h vs. M-T: 2.7 ± 0.1 mg/24 h) and (M-C: 2.1 ± 0.3 mg/24 h vs. M-T:
3.3 ± 0.1 mg/24 h)], respectively, after tacrolimus administration but without significant
changes in females [(F-C: 0.3 ± 0.07 mg/24 h vs. F-T: 0.3 ± 0.05 mg/24 h) and (F-C:
1 ± 0.3 mg/24 h vs. F-T: 1.5 ± 0.4 mg/24 h, p: NS); Figure 2 A,B)]. In contrast, MMF
treatment significantly improved these parameters in males [(M-C: 1.5 ± 0.06 mg/24 h vs.
M-MMF: 0.9 ± 0.03 mg/24 h) and (M-C: 2.7 ± 0.1 mg/24 h vs. M-MMF: 1.1 ± 0.4 mg/24 h,
p < 0.05); Figure 2 C,D], and females [(F-C: 0.27 ± 0.02 mg/24 h vs. F-MMF: 0.1 ± 0.04 mg/24 h)
and (F-C: 1.2 ± 0.1 mg/24 h vs. F-MMF: 0.8 ± 0.1 mg/24 h, p < 0.05); Figure 2C,D], respectively.
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Figure 1. Mean arterial pressure (MAP) in male and female SHRs (n = 7/group). Tacrolimus (T)
increases MAP in male (A) but does not affect female (B) SHRs. Mycophenolate mofetil (MMF)
reduces MAP in both male (C) and female (D) SHRs. Data are presented as mean ± SEM. * p < 0.05
vs. control (C); # p < 0.05 vs. baseline of the same group. Data were analyzed by Student’s t-test (for
two groups) or one-way Analysis of Variance (ANOVA) with multiple repeat measures. Differences
were considered statistically significant at p < 0.05.
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Figure 2. Effect of tacrolimus and MMF treatment on albuminuria and proteinuria in male and
female SHRs (n = 7/group). The albuminuria was higher in the male control than in the female
control groups. Tacrolimus (T) increased albuminuria (A) and proteinuria (B) in male SHRs without
significant changes in female SHRs. MMF reduced albuminuria and proteinuria in both male and
female SHRs ((C,D), respectively, p < 0.05). Data are presented as mean ± SEM. * p < 0.05 vs. control
(C); # p < 0.05 vs female groups. Data were analyzed by Student’s t-test (for two groups) or one-
way Analysis of Variance (ANOVA) with multiple repeat measures. Differences were considered
statistically significant at p < 0.05.



Future Pharmacol. 2023, 3 867

In the present study, to complement the albuminuria/proteinuria evaluation, uri-
nary sodium excretion was assessed in all groups. It was found that urinary sodium
excretion was higher in male control than female control rats (p < 0.05). Tacrolimus de-
creased urinary Na+ excretion in males versus their controls (p < 0.05; Figure 3A) but
did not affect female rats [(M-C: 6 ± 0.55 mmol/24 h vs. M-T: 4.1 ± 0.9 mmol/24 h,
p < 0.05) and (F-C: 3.8 ± 0.7 mmol/24 h vs. F-T: 3.4 ± 0.97 mmol/24 h, p: NS)]. In con-
trast, MMF treatment increased sodium excretion in male rats (Figure 3B) but had no
effect on females [(M-C: 5.9 ± 0.6 mmol/24 h vs. M-MMF: 7.6 ± 0.9 mmol/24 h, p < 0.05)
and (F-C: 3 ± 0.6 mmol/24 h vs. F-MMF: 2 ± 1 mmol/24 h, p: NS)]. We also determined
the level of nitrate/nitrite excretion in urine from all groups. The male SHRs excreted
higher baseline NOx compared with females (M-C: 3.6 ± 0.1 µmol/24 h/kg vs. F-C:
2 ± 0.5 µmol/24 h/kg, p < 0.05; Figure 3C). NOx levels were further significantly increased
after tacrolimus and MMF treatment only in males [(M-C: 3.6 ± 0.1 µmol/24 h/kg vs. M-T:
4.6 ± 0.4 µmol/24 h/kg, p < 0.05) (F-C: 2 ± 0.5 µmol/24 h/kg vs. F-T: 2.6 ± 0.3 µmol/24 h/kg,
p: NS)] and [(M-C: 3.4 ± 0.4 µmol/24 h/kg vs. M-MMF: 4.7 ± 0.5 µmol/24 h/kg, p < 0.05)
(F-C: 2.4 ± 0.6 µmol/24 h/kg vs. F-MMF: 3.14 ± 0.7 µmol/24 h/kg, p: NS); Figure 3C,D],
respectively, indicating that nitric oxide bioavailability was not impaired. These data sug-
gest a sex-specific difference in response to tacrolimus and MMF treatment in male and
female SHRs regarding renal function.
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Figure 3. Effect of tacrolimus and MMF treatments on urinary Na+ excretion and nitrate/nitrite
excretion in male and female SHRs (n = 7/group). Tacrolimus (T) decreased the urinary Na+ excretion
in treated males versus controls (A) but did not affect the female SHRs. In contrast, MMF treatment
increased sodium excretion in both male and female SHRs; however, the excretion was only significant
in males (B). Also, Tacrolimus (T) and MMF increased nitrate/nitrite excretion in male SHRs ((C,D),
p < 0.05). The male SHRs excreted higher baseline NOx compared with females. Data are presented
as mean ± SEM. * p < 0.05 vs. control (C); # p < 0.05 vs. female groups. Data were analyzed by
Student’s t-test (for two groups) or one-way Analysis of Variance (ANOVA) with multiple repeat
measures. Differences were considered statistically significant at p < 0.05.
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3.4. Circulatory and Renal T Cell Subsets

In the present study, the effect of tacrolimus and MMF on circulating and renal T cell
subsets was evaluated in all groups. As Figure 4 shows, tacrolimus treatment decreased
the percentage of the circulatory CD4+ T cells by a similar extent in males (M-C: 49 ± 2 vs.
M-T: 32 ± 3% gated, p < 0.05) and females (F-C: 42 ± 7 vs. F-T: 30 ± 4% gated, p < 0.05;
Figure 4B). Tacrolimus also reduced circulatory CD8+ in males by 52% (M-C: 13.5 ± 1.6
vs. M-T: 6.4 ± 1%, p < 0.05; Figure 4C) and in females by 62% (F-C: 8.47 ± 2 vs. F-T:
3.2 ± 2% gated, p < 0.05; Figure 4C). Similarly, MMF significantly reduced the circulating
CD4+ T cells in both male and female rats by 21%; [(M-C: 50 ± 2 vs. M-MMF: 40 ± 1.7%
gated) and (F-C: 45 ± 2.4 vs. F-MMF: 36 ± 1.7% gated, p < 0.05); Figure 4D], respectively,
despite a higher percentage of CD4+ T cells in male compared with female rats (p < 0.05;
Figure 4D). The percentage of circulating CD8+ T cells was significantly decreased in both
males and females by MMF treatment [(M-C:12.2 ± 1.5 vs. M-MMF: 7.3 ± 1% gated) and
(F-C: 9.2 ± 1.6 vs. F-MMF: 6.4 ± 1% gated, p < 0.05); Figure 4E].
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Figure 4. Effect of tacrolimus and MMF on circulating CD4+ and CD8+ T cells in male and female
SHRs (n = 7/group). Representative gating strategy for identification of CD4+ and CD8+ T cell
populations in peripheral blood leucocytes. Cells were stained for CD4 and CD8; then, lymphocytes
were gated from total leukocyte populations using SSC and FS parameters and representative
histograms show SHR cell counts (A). The subsequent phenotypic analysis identified CD4+ and
CD8+ T cell subsets based on CD4 and CD8a expression, respectively. Tacrolimus (T) treatment
decreased the percentage of the circulating CD4+ T cells by a similar extent in males and females;
p < 0.05 (B). It also reduced the circulatory CD8+ in male and female SHRs, but the reduction was
more profound in females (C). MMF decreased circulating CD4+ and CD8+ T cells in both male and
female SHRs, despite a higher percentage of CD4+ T cells in male compared with female rats (D,E).
Data are presented as mean ± SEM. * p < 0.05 vs. control (C). Data were analyzed by Student’s
t-test (for two groups) or one-way Analysis of Variance (ANOVA) with multiple repeat measures.
Differences were considered statistically significant at p < 0.05.
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The renal infiltrated T cell subsets were measured, given the significant role of kidneys
in the long-term control of blood pressure on the one hand and the contribution of renal T
cells in hypertension on the other hand. In renal tissue, tacrolimus treatment significantly
reduced CD4+ in both male and female rats compared with controls [(M-C: 2.5 ± 0.2 vs.
M-T: 0.77 ± 0.2% gated, p < 0.001) and (F-C: 1.9 ± 0.15 vs. F-T: 1.6 ± 0.1% gated, p < 0.05);
Figure 5B]; however, a more significant effect was observed in the male rats (p < 0.001).
No significant reduction was observed in CD8+ in any groups [(M-C: 2.14 ± 0.8 vs. M-T:
1 ± 0.6% gated, p: NS) and (F-C: 2.65 ± 0.2 vs. F-T: 2.57 ± 0.25% gated, p: NS); Figure 5C].
Similarly, MMF reduced the CD4+ T cells in the renal tissue of both male (57%) and female
(42%) rats. Renal CD4+ T cells were higher in males compared with their female counterparts
[(M-C: 3.6 ± 0.9 vs. M-MMF: 1.6 ± 0.7% gated, p < 0.05) and (F-C: 1.4 ± 0.2 vs. F-MMF:
0.8 ± 0.05% gated, p < 0.05); Figure 5D]. While MMF treatment significantly decreased the
percentage of CD8+ T cell infiltration in females, no significant change was observed in
males [(M-C: 2.2 ± 0.9 vs. M-MMF: 1.8 ± 0.76% gated, p: NS) and (F-C: 2.7 ± 0.3 vs. F-MMF:
1.6 ± 0.8% gated, p < 0.05); Figure 5E].
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Figure 5. Effect of tacrolimus and MMF on renal CD4+ and CD8+ T cell infiltration in male and
female SHRs (n = 7/group). Renal leukocytes were stained for CD4 and CD8; then, lymphocytes
were gated from total leukocyte populations using SSC and FS parameters. (A) Tacrolimus (T)
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treatment significantly reduced renal CD4+ T cell infiltration in both males and females compared
with controls (B). However, tacrolimus did not modify renal CD8+ T cell infiltration in all groups (C).
MMF reduced the CD4+ T cells in the renal tissue of male (57%) and female (42%) rats; although, CD4+

T cells were higher in males compared with female rats (p < 0.05; (D)). While the percentage of CD8+

T cells was significantly decreased in females by MMF treatment, no significant change was observed
in males (p: NS; (E)). Data are presented as mean ± SEM. * p < 0.05 vs. control (C); # p < 0.05 vs female
groups. Data were analyzed by Student’s t-test (for two groups) or one-way Analysis of Variance
(ANOVA) with multiple repeat measures. Differences were considered statistically significant at
p < 0.05.

Pro-inflammatory Th17 cells were more abundant in male compared with female rats
(p < 0.05), but tacrolimus treatment did not cause a significant change in their numbers
in any groups [(M-C: 21.4 ± 2 vs. M-T: 20.9 ± 0.75% gated, p: NS) and (F-C: 8.6 ± 0.8 vs.
F-T: 9.4 ± 1% gated, p: NS); Figure 6B]. In contrast, renal anti-inflammatory Treg cells were
significantly more abundant in females than in their male counterparts (M-C: 9.1 ± 1.6 vs. F-
C: 17 ± 1.45, p < 0.01). Tacrolimus treatment significantly decreased Treg cells infiltration in
both male and female rats compared with control and a greater effect was observed in males
[(M-C: 9.1 ± 1.6 vs. M-T: 4.8 ± 1.9% gated, p < 0.05) and (F-C: 17 ± 1.45 vs. F-T: 11.5 ± 2%
gated, p < 0.05); Figure 6C]. MMF, in contrast to tacrolimus, significantly decreased both
Th17 and Treg cells in male and female rats [Th17 (M-C: 20.7 ± 1.3 vs. M-MMF: 10.7 ± 1.1%
gated, p < 0.05) (F-C: 8.1 ± 0.2 vs. F-MMF: 6 ± 1.4% gated, p < 0.05); Figure 6D] and [Treg
(M-C: 8.8 ± 0.8 vs. M-MMF: 6.2 ± 0.6% gated, p < 0.05) (F-C: 15.46 ± 0.6 vs. F-MMF:
3.6 ± 1.1% gated, p < 0.05); Figure 6E]. Noteworthily, the immunosuppression effect of
MMF on Th17 cells was more profound in males (p < 0.001) and its suppression effect on
Treg cells was greater in females (p < 0.02). It was found that the Th17/Treg ratio was higher
in males treated with tacrolimus compared with their controls (M-C) and compared with
F-T and F-C groups (p < 0.05; Figure 6F). In MMF-treated animals, females had a higher
Th17/Treg ratio than their controls; in males, MMF reduced the Th17/Treg ratio compared
with the controls (p < 0.05; Figure 6G).

Since MMF affects the B cell populations, circulating and renal IgM+ B cells were
examined after MMF treatment. It was found that the percentage of circulating B cells was
similar in both male and female SHRs, and MMF significantly reduced these cells in both
males and females [(M-C: 13.5 ± 0.3 vs. M-MMF: 5.6 ± 0.6) (F-C: 12.9 ± 0.9 vs. F-MMF:
5.14 ± 0.7, p < 0.05); Figure 7A] with a more profound effect in males (p < 0.001). Likewise,
renal B cells infiltration was significantly decreased after MMF treatment in both males and
females [(M-C: 11 ± 1 vs. M-MMF: 2.5 ± 0.8) (F-C: 6.9 ± 1 vs. F-MMF: 2.4 ± 0.9, p < 0.05);
Figure 7B].
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Figure 6. Effect of tacrolimus and MMF treatment on renal Th17 and Treg infiltration in male
and female SHRs (n = 7/group). Renal leukocytes were stained for CD4, CD25, ROR-γ, or FoxP3
expression. Cells were permeabilized and fixed before staining for intracellular transcription factor
ROR-γ or FoxP3. After intracellular staining, CD4+ T cells were selected in order to segregate
Th17 from Treg subsets. The percentages of ROR-γ+ and FoxP3+ cells were measured within the
gate (selected population (A). Tacrolimus (T) did not affect Th17 cells infiltration in any groups
(B). However, it significantly reduced Treg cells in both male and female rats compared with the
control; moreover, a greater effect was observed in the male rats (p < 0.01; (C)). MMF, in contrast
to tacrolimus, significantly decreased both Th17 and Treg cells in male and female rats (D,E). The
immunosuppression effect of MMF on Th17 cells was more profound in males (p < 0.001) and its
suppression effect on Treg cells was greater in females (p < 0.02). Th17/Treg ratio was higher in males
treated with tacrolimus compared with their controls and compared with female groups (p < 0.05;
(F)). In MMF-treated animals, females have a higher Th17/Treg ratio than their controls (G). In males,
MMF reduced the Th17/Treg ratio compared with the controls (p < 0.05; (G)). Data are presented as
mean ± SEM. * p < 0.05 vs. control (C); # p < 0.05 vs. female groups. Data were analyzed by Student’s
t-test (for two groups) or one-way Analysis of Variance (ANOVA) with multiple repeat measures.
Differences were considered statistically significant at p < 0.05.
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Figure 7. Effect of MMF treatment on circulatory and renal B cell populations in male and female
SHRs (n = 7/group). MMF significantly reduced circulatory B cells in male and female SHRs with
a more profound effect in males (p < 0.001; (A)). Likewise, renal B cell infiltration was decreased
after MMF treatment in both male and female rats (p < 0.05; (B)). Data are presented as mean ± SEM.
* p < 0.05 vs. control (C); # p < 0.05 vs female groups. Data were analyzed by Student’s t-test (for two
groups) or one-way Analysis of Variance (ANOVA) with multiple repeat measures. Differences were
considered statistically significant at p < 0.05.

4. Discussion

Clinical and experimental data have shown that blood pressure is higher in males than
in females during their fertile period [21–23]. Despite the increasing evidence on different
mechanisms in blood pressure regulation between the sexes, the precise mechanism(s)
remains controversial. One of the more exciting mechanisms discussed in the literature
is the immune system’s contribution [3–6]. The earliest studies by Grollman showed
that transferring lymphocytes from the infarct kidney of a hypertensive animal to a non-
hypertensive animal can induce hypertension [24,25]. Similarly, Olsen determined that
the transfer of splenocytes from a hypertensive to a normotensive animal increased blood
pressure [26]. Additionally, it has been observed that the adoptive transfer of CD4+ or
CD8+ T cells from a male donor increases blood pressure in male but not in female Rag-
1−/− mice [27]. These and other studies support the role of the immune system in the
pathogenesis of hypertension. Noteworthily, it is also suggested that for the development
of hypertension the interaction between innate and adaptive immune responses is required.
Innate immune cells recognize new antigens that are released during oxidative stress
that lead to the activation of B and T cells [28], the cells that carry out adaptive immune
responses. Innate immune cells also produce cytokines and reactive oxygen species (ROS),
contributing to hypertension. However, the mechanism by which the immune system plays
a role in this disease is not well-defined. Moreover, the identity of specific immune cells in
hypertension requires more investigation [29].

Emerging evidence indicates that T cells play a crucial role in the pathogenesis of
hypertension [3,7,8]. Different reports suggest that T cell subpopulations are increased
in experimental models of hypertension and hypertensive humans [30,31], and that they
could affect blood pressure differently in males and females [7,8,11,32–36]. Brinson et al.
demonstrated that an increase in blood pressure in both male and female SHRs after nitric
oxide synthase (NOS) inhibitor (L-NAME) administration is associated with an expansion
of renal Th17 cells in male and a decrease of Treg cells in female SHRs [37]. Furthermore, the
sex-specific effect of T cells can determine the magnitude of hypertension [6]. In our study,
we found no difference in circulatory CD4+ T cells in male and female SHRs; however,
CD8+ T cells were higher in male than in female SHRs. This finding is controversial because
while some authors found higher CD8+ T cells in males than in females, others observed
the opposite, with a significant proliferation in females [31]. On the contrary, some reported
that CD4+ T cells and CD4+/CD8+ ratios were higher in females [32,33]. Moreover, different
degrees of evidence support sex differences in the immune response depending on age.
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At young ages, the CD4+ T cells, CD8+ T cells, and CD4+/CD8+ ratios are equal in both
sexes. Then, during post-puberty and old ages, CD4+ T cells, CD4+/CD8+ ratios, and T cell
activation/proliferation are higher in females than males, but CD8+ T cells are higher in
males [33]. Therefore, more investigation is necessary to elucidate the T cells’ activities and
proliferation during the timeline period.

In the present study, we used two selective lymphocyte-suppressive agents to study
the role of T cells in blood pressure. Tacrolimus reduced circulating CD4+ and CD8+ cells
in both groups to the same extent; however, it induced a higher reduction in renal CD4+

and CD8+ T cell infiltration in males. It significantly reduced renal Treg cells in males
(48%) and females (32%), with a more profound effect in males. This finding is consistent
with previous studies that have demonstrated the reduction of Treg cells after tacrolimus
administration in mice and patients [11,38]. The lower Treg cells imply a weaker inhibitory
effects on Th17 cells. The extreme loss of Treg cells by tacrolimus resulting in an imbalance
of the Treg/Th17 ratio appears to mediate inflammation and may contribute to blood
pressure elevation in males.

The data indicate that MMF ameliorated hypertension in both male and female rats.
The decreasing, induced effect of MMF has been reported previously in many different
animal hypertensive models [3,8,12,14]; however, there is little evidence about the sex-
specific effect of MMF in hypertensive animals [6]. The results from the present study
show that MMF significantly decreased the circulatory CD4+ and CD8+ T cells in male
and female rats, but the depletion of CD8+ T cells was higher in males than females. It is
unclear why MMF affected CD8+ T cells differently in males, and this observation needs
clarification. This could be explained by the findings of Sandberg and colleagues, who
reported that CD4+ and CD8+ T cell populations are different in males and females, and
the sex-dependent effects of these cells may affect hypertension [39]. Thus, there is a need
to investigate whether CD8+ T cells play a more prominent role in males hypertension.
Mainly, CD8+ T cells have been described to have a deleterious effect contributing to
hypertension [14] and it has been shown that CD8+ T cells in knockout mice (CD8−/−) are
protected against hypertension, but those mice lacking CD4+ T cells are not [40]. Another
consideration is the deficient effect of MMF on CD8+ T cell infiltration in the kidneys in
male SHRs. These results are opposite to previous observations by other researchers, who
have reported that MMF reduces both CD4+ and CD8+ T cell populations in the kidneys of
hypertensive animals [6,8,13]. The fact that MMF could not significantly modify CD8+ T
cell infiltration in the kidney could also be explained by insufficient doses and/or treatment
period of MMF to reduce renal CD8+ T cell infiltration in the current study. If this is
the case, further studies are required with a higher dose and a more extended treatment
period. However, the current result is consistent with the report that MMF induces a more
significant effect on T cell subsets in females, implying that its effect is sex-specific [6]. The
present result suggests that the reduction in blood pressure in males by MMF is mainly due
to a decrease in the circulating T cells, whereas, in females, the effect is via circulating and
renal T cells. Furthermore, it suggests that MMF-induced T cell reduction is sex-specific,
but more investigations are required to understand the potential sex-specific suppressing
mechanism of MMF.

Tacrolimus did not affect renal Th17 in any group, unlike MMF, which reduced Th17
infiltration in males and females. In the current study, female rats have greater renal anti-
inflammatory Treg cells with lower pro-inflammatory Th17 than males. These observations
are consistent with previous studies on SHRs [33,34]. Similarly, female Sprague-Dawley
rats have significantly more renal Treg cells than their male counterparts [41]. While the
tacrolimus-induced decline of renal Treg cells was more significant in male SHRs, MMF
induced a greater decrease in renal Treg cells in females. These results suggest that the
suppression effect of these agents on T cell subsets is sex-specific. Moreover, these findings
emphasize the significance of Th17 and Treg cells balance in blood pressure control. This
study demonstrates that hypertension in males and females is correlated with renal Th17
and Treg cells, and this result aligns with that of previous studies [27,34]. Consequently,
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the contribution of Th17, Treg, and Th17/Treg imbalance in the initiation and development
of hypertension in males and females requires more attention, which may provide a new
direction for the sex-specific treatment of hypertension.

In the current study, a significant depletion of the circulatory B cell population was
observed by MMF in both males and females (58% and 60%), respectively. Comparatively,
a significant reduction occurred in renal B cells in males (78%) and females (65%) with
a more profound decrease in males. Our findings support the emerging studies that
have demonstrated the significance of B cells in hypertension [42–44]. Kresovich et al.
recently reported that higher circulating B cells are associated with hypertension incidence
in women [44] and Dingwell et al. have demonstrated that B cell deficiency in mice results
in decreased blood pressure [43]. Note that while the vital role of T cells in hypertension
is widely investigated, the blood pressure role of B cells as a key player of the adaptive
immune response remains obscure. B cells are multitasking by presenting processed
antigens for T cell activation, producing pro- and anti-inflammatory cytokines and secreting
antibodies. Remarkably, compelling evidence has been provided for the contribution of B
cells in hypertension in recent years [42–44]. Therefore, the role of B cells, especially the
anti-inflammatory regulatory B cell (Breg) subset in hypertension and their sex-specific
response to immunosuppressants, remains to be explored.

Furthermore, a growing body of clinical studies suggests sex differences in absorption,
distribution, metabolism, and excretion (ADME), and in the pharmacokinetics of immuno-
suppressive drugs. For instance, tacrolimus shows higher clearance in females [45] in
contrast to MMF, with which males have higher clearance [46]. However, the mechanisms
underlying the observed differences are controversial. Based on the available studies, sex
differences in the pharmacokinetics of tacrolimus and MMF may be more significant from a
clinical perspective, but the existing gap of knowledge in biomedical studies calls for more
attention. Therefore, sex differences in the pharmacokinetics and ADME of tacrolimus and
MMF require future studies using experimental models involving SHRs. Finally, it has
been demonstrated that chronic administration of tacrolimus enhances vasoconstriction
in males, which may lead to a higher blood pressure [47,48]. Therefore, vasoconstriction
caused by tacrolimus has been suggested as a mechanism underlying hypertension. These
findings provide a basis for further studies to investigate sex differences in vasoconstriction
as one of the potential mechanisms of tacrolimus-induced hypertension in SHRs.

5. Conclusions

In conclusion, this study demonstrates sex-specific responses to immunosuppressive
therapy and suggests that targeting T cells in hypertension by various immunosuppressants
may have differential effects on men and women; so, the management of hypertension and
post-transplant hypertension using these agents should be specified by gender.
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