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Abstract

We examined the impact of sex on high fat diet induced renal alterations in Dahl salt sensitive and 

Sprague Dawley rats. In Dahl rats, high fat diet (60% kcal from fat for 24–26 weeks starting at 

weaning) significantly and equally increased blood pressure in males and females when compared 

to rats fed a control diet (10% kcal from fat). Male Dahl rats on high fat diet exhibited progressive 

renal histological injury, and moderately increased renal macrophage infiltration at 10 and 24 

weeks of feeding when compared to males on control diet. Female Dahl rats had lower grade renal 

injury and less macrophage infiltration (except at 17 weeks) than males regardless of diet. Male 

Dahl rats on both diets showed progressively increasing numbers of renal T-cells, a pattern not 

observed in females. High fat diet per se did not significantly affect renal T-cell number. Male 

Dahl rats had lower renal T-reg cell ratio than females at 24 weeks. Renal macrophage and T-cell 

infiltrations were highly correlated to final MAP levels in males but not in females. Sprague 

Dawley rats fed high fat diet were normotensive without significant renal injury/inflammation 

after 24 weeks of feeding. In summary, high fat diet feeding fails to increase arterial blood 

pressure in Sprague Dawley rats, but strongly promotes hypertension in both male and female 

Dahl salt sensitive rats. Only Dahl males, however, exhibited blood pressure-associated renal 

inflammation and injury. Maintenance of T-reg ratio may protect against hypertension associated 

renal injury/inflammation but not high fat diet-induced hypertension.
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Introduction:

High fat diet (HFD) consumption causes obesity, dyslipidemia, insulin resistance, diabetes, 

chronic low grade inflammation, hypertension and renal dysfunction. 1, 2 HFD impairs 

endothelial function,3 increases arterial stiffness,4 and sympathetic outflow,5 activates the 

renin-angiotensin system, and increases renal water and salt retention.6 These alterations can 

promote and sustain hypertension. Sex differences in the prevalence and progression of 

obesity and cardiovascular and kidney diseases are well established.7, 8 Females are often 

protected from these disorders before menopause.9, 10 Obesity, male sex and hypertension 

are risk factors for the developing chronic kidney disease. 7

The mechanisms responsible for sex differences in blood pressure regulation and 

hypertension, and renal injury, have been investigated in several animal models of 

hypertension, including spontaneously hypertensive rats (SHR),11–13 Dahl salt sensitive (SS) 

hypertensive rats with high salt intake (4% NaCl),14, 15 angiotensin II-induced hypertension,
16 aged Sprague-Dawley (SD) rats treated with an angiotensin II type 1 receptor antagonist 

during the nephrogenic period,17 and high salt diet fed mice.18 These studies support the 

hypothesis that sex differences in blood pressure, the renin-angiotensin system, and in renal 

inflammatory responses, contribute to sex differences in hypertension associated renal 

injury.8, 19, 20 Renal protection in hypertensive females has been attributed to the relatively 

lower blood pressure in females and to lower T-cell infiltration,16 or higher infiltration of 

regulatory T-cells (T-reg) compared to males.11, 12 However, the lower prevalence and risk 

of hypertension-induced end-organ damage in females is not be completely explained by sex 

differences in blood pressure regulation, since hypertensive males developed far greater end-

organ damage than females even when blood pressures were comparable.21 Interestingly, 

female sex hormones protect against hypertension in Dahl SS rats but not in SHR. 22 

Conflicting results were also reported, where no sex differences in the development of 

hypertension and renal injury were found in Dahl SS rats on high salt diet, however, female 

Dahl SS rats were protected from renal injury at “normal” salt diet (0.4%).15 It is unclear 

whether the kidneys in hypertensive females are protected in other animal models of 

hypertension. Obesity and HFD increase the incidence of salt sensitive hypertension and 

chronic kidney diseases,7 a globally fast-growing demographic in men and women. It is 

therefore important to determine if there are sex differences in HFD induced hypertension 

and renal injury using salt sensitive animal models. Dahl SS rats are to mimic salt sensitive 

hypertension in humans. Interestingly, HFD fed male Dahl SS rats develop hypertension 

even when ingesting a “normal salt” rodent diet, 0.3% NaCl.23–25 However, there is no 

information about HFD associated hypertension and renal inflammation/injury in female 

Dahl SS rats. Therefore, we tested the hypothesis that HFD fed female Dahl SS rats are 

protected against hypertension and renal inflammation/injury and sought to identify the 

underlying mechanisms.

Materials and Methods:

All raw data that support the findings of this study are available from the corresponding 

author on reasonable request.
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Animals and diets:

We used HFD fed Dahl SS rats, a reliable rat model of HFD-induced hypertension,23–25 

which allowed us to investigate hypertension-related renal injury/inflammation. As not all 

overweight or obese humans become hypertensive, we used Sprague Dawley (SD) rats to 

mimic this population apparently resistant to adiposity-associated hypertension.

Male and female Dahl SS and SD rats were purchased from Charles River Laboratory at 3 

weeks of age and were randomly fed a normal salt (0.3% NaCl) control fat diet (CD, 

D12450J, kcal from saturated fat 10% + carbohydrate 70% + protein 20%) or a high fat diet 

(HFD, D12492, kcal from saturated fat 60% + carbohydrate 20% + protein 20%) (Research 

Diets, Inc.) ad libitum for 10, 17 or 24 weeks for Dahl SS rats, and 24 weeks for SD rats. All 

studies were conducted in accordance with the National Institutes of Health Guide for the 

Care and Use of Laboratory Animals (NIH Publication No. 85–23, revised 1996) and 

approved by the Michigan State University Institutional Animal Care and Use Committee.

Measurement of arterial blood pressure and evaluation of neurogenic pressor 

activity, blood sampling and tissue collection, metabolic and biochemical measures, 

histological assessment of renal injury, histological assessment of renal 

inflammatory responses and detection of renal cytokines and MCP-1 expression by 

qRT-PCR are presented in On-line Only Supplemental Materials and Data.

Statistics:

Data are reported as mean ± SEM. Changes in body weight and MAP following 24 weeks of 

feeding in different groups were compared using a mixed design two-way ANOVA followed 

by Student-Newman-Keuls test. MAP and cell counts in kidney sections at 10, 17 and 24 

weeks were compared using one-way ANOVA followed by post-hoc testing with Bonferroni 

test. Unpaired t-tests were used for comparing two groups, such as HFD vs CD rats or males 

vs females on the plasma metabolic measures, renal injury scores, cell counting and mRNA 

expression at 17 and 24 weeks. Data were analyzed using GraphPad Prism 6.0 software. A 

P-value of <0.05 was considered statistically significant.

Results:

Body weight (BW) and metabolic measures for HFD Dahl SS rats:

After 24 weeks, BW and most metabolic measures from HFD fed males and females were 

comparable with CD fed rats (Fig. 1A, Table S1). HFD fed male and female rats showed 

some abdominal adipose tissue accumulation and greater BW adjusted left ventricular mass 

than CD fed rats, and the changes were similar in HFD fed males and females. HFD 

moderately increased plasma leptin levels in males and females, but did not change plasma 

levels of glucose, insulin, cholesterol, triglycerides, BUN, creatinine, or the ratio of BUN/

creatinine in males or females (Table S1). HFD males had significantly lower plasma 

albumin levels than CD fed males and HFD fed females (Table S1). Plasma albumin levels 

were similar in all females.
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Blood pressure and heart rate in HFD fed Dahl SS rats:

HFD progressively increased mean arterial pressure (MAP) in male and female Dahl SS rats 

(Fig 1B, Table S2). At 10 weeks, 24-h MAPs in HFD rats did not differ from CD rats. At 17 

weeks, MAP in all HFD rats was significantly higher than in the CD rats. At 24 weeks, MAP 

in all HFD rats was remarkably higher than CD rats. After 24 weeks, MAP in CD males was 

also slightly higher than their MAP at week 10, but not in CD females. The overall 

progression of HFD-induced hypertension was similar in male and female rats during 24 

weeks (Fig. 1B, Table S2). HFD did not affect heart rate in all Dahl SS rats (Fig 1C, Table 

S2).

Neurogenic depressor responses in HFD fed Dahl SS rats:

At 24 weeks, sympathetic support of blood pressure was evaluated following treatment with 

ganglion blocker hexamethonium (a nicotinic ACh receptor antagonist, 30mg/kg, ip). 

Maximal changes in MAP were within 30 minutes after injection. Hexamethonium caused a 

slightly larger depressor response in HFD male Dahl SS rats than CD males. 

Hexamethonium caused smaller depressor responses in HFD females than CD females and 

HFD males (Fig 1D).

Renal histological changes to HFD in Dahl SS rats:

At 10 weeks (Fig 2B, S1, S3B), all male rats showed similar, low grade renal histological 

injury, identified as hyaline casts, interstitial fibrosis (peritubular), glomerular sclerosis, 

tubular atrophy, arterial hypertrophy and perivascular fibrosis; these changes were not seen 

in females.

At 17 weeks (Fig 2C, S2), HFD male rats displayed greater renal histological injury than CD 

male rats and HFD females. CD males also had more glomerular sclerosis than CD female 

rats. Females had lower grade renal histological injury scores than males. HFD did not cause 

more arterial hypertrophy and perivascular fibrosis in males (Fig S3B). HFD females had 

lower arterial hypertrophy and perivascular fibrosis than HFD males (Fig S3B).

At 24 weeks (Fig 2A, 2D), when MAPs in HFD males and females were significantly higher 

(~35 mmHg) than in CD rats, HFD caused more severe renal histological injury in males, 

but these changes were not detected in kidneys from HFD fed females. CD male rats also 

showed greater interstitial fibrosis and tubular atrophy than did CD females. HFD female 

rats showed slight tubular atrophy compared to CD fed female rats, but overall renal injury 

scores were lower in all females compared to males. When MAP from individual HFD and 

CD fed rats was plotted against the renal injury scores, the renal injury scores were highly 

correlated with MAP levels in males (Fig 2E), but not in females (Fig 2F). HFD and CD 

males had significant arterial hypertrophy and perivascular fibrosis, these changes were 

minimal in CD and HFD females (Fig S3B).

Renal inflammatory responses to HFD fed in Dahl SS rats:

Macrophage infiltration: At 10 weeks (Fig 3B, S3A), cortical and medullary 

macrophage infiltration (CD68+) was greater in males than females. All females had low 

Fernandes et al. Page 4

Hypertension. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



numbers of cortical and medullary macrophages. HFD males had moderately higher cortical 

macrophage numbers than did CD males.

At 17 weeks (Fig 3B, S3A), cortical and medullary macrophages were similar to 10 weeks 

in all male rats. Female rats had increased (versus 10 weeks) cortical and medullary 

macrophages regardless of diet. Macrophage cell counts were similar in male and female 

rats.

At 24 weeks (Fig 3A, 3B, S3A), cortical and medullary macrophages were not different in 

male rats compared with 10 and 17 week rats. 24 weeks female rats had significantly fewer 

cortical and medullary macrophages compared to 17 week female rats, but macrophage 

numbers at this time point were greater than those detected in 10 week CD and HFD female 

rats. Cortical and medullary macrophage counts were greater in male compared to female 

rats.

HFD increased cortical and medullary macrophages in male rats at 10 and 24 weeks, but not 

at 17 weeks (Fig 3B, S3A). HFD did not affect cortical and medullar macrophage numbers 

in female rats. When cortical and medullary macrophage infiltration at 24 weeks were 

plotted against blood pressure levels, infiltration levels were highly correlated to MAP in 

male, but not female rats (Fig 3C, S3B).

T-cell infiltration—At 10 weeks (Fig 4B, S4A), all male and female rats had lower 

numbers of cortical and medullary T-cells (CD3+). At 17 weeks (Fig 4B, S4A), T-cell 

numbers increased further in male and female rats and by 24 weeks male (Fig 4A, 4B, S4A), 

but not female, rats exhibited a further increase in cortical and medullary T-cells. Following 

24 weeks of feeding, HFD did not affect the cortical and medullar T-cell infiltrations 

significantly in males or females (Fig 4A, 4B, S4A). When cortical and medullar T-cell 

infiltration at 24 weeks was plotted against blood pressure, cortical T-cell numbers, but not 

medullary, were highly correlated with MAP in male rats (Fig 4C, S4B). Renal T-cell 

infiltration and blood pressure were not correlated in female rats (Fig 4C, S4B).

T-reg cell infiltration, cytokine and MCP-1 responses—To examine a possible role 

of T-reg cell infiltration in protecting against HFD-induced kidney injury, the ratios of T-reg 

cells (CD3+FoxP3+ vs. total CD3+) were compared in cortical and medullary areas at 17 and 

24 weeks, when T-cell numbers and renal injury were significant (Fig 4A, 4D, S4C). At 17 

weeks, ~20% of CD3+ cells in the cortex and medulla were also FoxP3+ positive, and the 

ratio of T-reg cells was similar in all male and female rats. At 24 weeks compared with 17 

weeks, the ratio was unchanged in female rats, but it was significantly lower in the cortex of 

CD and HFD males and lower in the medulla from HFD male rats when compared with 

female rats. Following 24 weeks of feeding, HFD did not affect the ratio of cortical and 

medullary T-reg cells significantly in male or female rats.

mRNA expression for IL-6, IL-17, IL-10, TNF-α and MCP-1 were determined in renal 

cortex from 17 and 24 week CD and HFD male and female rats (Fig 5A, 5B). Gene 

expressions for these inflammatory mediators were similar in cortex and medulla. mRNA 

expression in rat spleen was used as a positive control. ΔCt values for cortical IL-6, IL-17, 
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IL-10, TNF-α and MCP-1 were similar in male and female rats at 17 and 24 weeks and were 

unaffected by diet (Fig 5).

BW, blood pressure, renal histological changes and inflammatory responses to HFD in SD 
rats:

At 24 weeks, HFD fed SD males gained more weight than CD fed male rats, while BW in 

HFD and CD fed female rats were similar (Fig 6A). Weekly 24-h MAPs in HFD fed male 

and female rats did not change significantly throughout the study time course (Fig 6B). HFD 

male and female rats did not show significant renal histological injury (Fig S5). Cortical and 

medullary macrophage and T-cell numbers were low in all male and female rats (Fig. 6C, 

6D). HFD promoted visceral adipocyte accumulation and hyperleptinemia without 

hyperglycemia and hyperinsulinemia in male rats. HFD female rats had higher leptin levels 

than CD female rats, but the levels were much lower than HFD male SD rats (Table S3).

Discussion

Our goal was to identify the impact of sex on the relationships between diet induced 

adiposity, blood pressure and histologically defined renal injury in an animal model of salt-

sensitive hypertension. A key focus was on the relative time courses of renal injury versus 

hypertension as a guide to separate cause and effect between these variables. In addition, we 

examined the role of inflammation and immune cells in renal injury.

HF/normal salt diet promotes comparable hypertension in Dahl SS male and female rats

High salt diets (>0.3% NaCl) accelerate hypertension and renal inflammation/injury in Dahl 

SS rats, these rats are often used as an animal model of salt- sensitive hypertension and renal 

injury. Early studies reported sex differences in blood pressure regulation and renal function 

in HFD Dahl SS rats,14, 15, 26 similar to other animal models of hypertension.16–18, 21 Dahl 

SS females on high salt diet commonly have lower blood pressure and better renal function 

than hypertensive male rats.14, 27 In our study, HFD Dahl SS males developed hypertension 

similar to what has been previously reported by some,23–25 but not all,28 investigators. We 

report here for the first time that female Dahl SS rats given a normal salt HFD were also 

hypertensive, and that both the time course and magnitude of hypertension development are 

identical to males. Murphy et al also reported similar hypertension development in 4% NaCl 

fed male and female Dahl SS rats.15 This observation is surprising in light of the abundant 

evidence that in both “natural” and “induced” models of hypertension in animals, blood 

pressure is higher in males than females.27 One exception is renal wrap hypertension in rats, 

in which blood pressure is comparable in males and females.21 It should be noted that blood 

pressure in females has not been measured or reported in many of the newer genetic models 

of hypertension.

HFD caused minimal metabolic disturbance in male or female Dahl rats after 24–26 weeks 

of feeding, therefore, metabolic disorders likely play a minimal role in hypertension and 

renal injury in these rats. Although HFD caused slightly increased leptin levels in both 

sexes, our previous and current studies do not support that obesity and higher plasma leptin 

levels are necessarily associated with hypertension and renal injury. HFD SD rats and 
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C57BL mice are obese with hyperleptinemia but they are normotensive without significant 

renal inflammation/injury.29 Other studies on HFD male Dahl SS rats also showed that 

metabolic changes were minimal.23 Furthermore, both sexes exhibit only moderately higher 

body weights and visceral fat accumulation when on HFD versus CD. Thus, our model 

resembles the clinical condition labeled “normal weight obesity” (NWO)30 comprised of 

individuals (the majority female) with increased visceral fat, but body weights in the normal 

range. Such individuals are clearly at increased risk for hypertension and cardiovascular 

morbidity and mortality.30,31 Patients with non-diabetic chronic kidney disease and NWO 

recently were shown to have a worse prognosis than non-obese individuals.31

HFD Dahl SS female rats are resistant to hypertension associated renal injury

Hypertension is the second leading cause of end stage renal disease after diabetes.32 Sex 

differences in hypertension associated renal injury and dysfunction are observed in clinical 

and experimental animal studies.7, 8 The data generally indicate that men are at higher risk 

for hypertension associated renal dysfunction/injury than women.8, 33, 34 Animal studies also 

show that hypertensive males develop more severe and rapid renal dysfunction/injury than 

hypertensive females.8, 14, 18 It is important to note, however, that the apparent resilience of 

females against hypertensive renal injury/dysfunction may depend on the specific index 

utilized to assess renal function or integrity.8

We used established histological measures to evaluate renal injury because these appear 

early in the course of hypertension and can precede the onset of microalbuminuria, another 

commonly used index of hypertensive renal damage.35 We found that renal injury was 

consistently lower in HFD Dahl SS female versus male rats, even though blood pressure was 

similar in the two groups. Male HFD Dahl SS rats exhibited greater hyaline cast (tubular 

proteinosis), peritubular interstitial fibrosis, glomerular sclerosis, and tubular atrophy 

compared to female HFD Dahl SS rats. Renal injury occurred in male rats at 10 weeks on 

the HFD, before hypertension developed. After 24 weeks of HFD, the severity of renal 

injury was positively correlated to blood pressure in male, but not female rats. All rats had 

normal plasma BUN, creatinine and BUN/creatinine ratio, even after 24 weeks on the HFD. 

These measures may be insufficiently sensitive to mark the severity of renal injury in our 

studies. However, the severe renal injury in males was indirectly supported by the lower 

plasma albumin levels. We found that all Dahl SS female rats had lower plasma albumin 

levels than those reported in other strain of rats (normally >3.3 g/dl,36 although the Dahl SS 

female rats did not show significant histological renal injury up to 17 weeks on the HFD. 

Compared to female rats, HFD caused further reduction in plasma albumin levels in male 

rats at 24 weeks. Lower plasma albumin levels may indicate greater proteinuria, since Dahl 

SS rats develop hypertension, proteinuria and tubular atrophy with aging,37 as shown in our 

studies. However, we did not measure renal function comprehensively and histological 

injury may not correlate with functional changes. Overall male Dahl SS rats had thicker 

renal arterial walls and greater perivascular fibrosis compared to females; however, HFD did 

not exacerbate these changes, at least in larger intrarenal arteries. The role of vascular 

remodeling in renal injury needs to be studied further.
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The mechanisms responsible for the apparent resistance of Dahl SS female rats to renal 

injury secondary to adiposity-associated hypertension need further study. Previous work in 

other models indicate that renal protection in females is mediated by estrogen,10, 19, 22 lower 

blood pressure than males,11, 14, 28 sex differences in renin-angiotensin responses16, 18, 20 

and sex differences in renal inflammation. 11–13, 16, 19 We chose to investigate possible sex 

differences in renal inflammation and immune cell infiltration.

Sex differences in renal inflammatory responses in Dahl SS rats

The contributions of inflammation in development of hypertension and associated renal 

injury have been established in humans and in animal models of hypertension.8 

Hypertension is associated with an increase in renal macrophage and T-cell infiltration, and 

immunosuppression attenuates hypertension and renal injury.38 Male and female Dahl SS 

rats develop hypertension and renal inflammation/injury with aging.37, 39 High salt intake or 

feeding a HFD with normal salt accelerates hypertension development and proteinuria, renal 

T-cell and macrophage infiltration and renal injury in Dahl SS male rats.23, 40–42 Dahl SS 

rats are particularly useful for investigating hypertensive kidney injury because Dahl SS rats 

have a genetically determined, heightened propensity for renal inflammation and injury43 

relative to other rat strains. We confirmed this by comparing renal macrophage and T-cell 

infiltration in Dahl SS rats to that in male SD rats (on CD or HFD). We found renal 

macrophage and T-cell infiltration were higher in Dahl SS male and female rats compared to 

male SD rats, regardless of diet. Since SD rats on HFD gained weight and adiposity, but 

showed minimal changes in blood pressure even after 24 weeks, it seems likely that, in 

rodents anyway, the main adverse effects of adiposity on renal injury are related to increased 

blood pressure, rather than adiposity per se.

Regarding sex differences, high salt associated increases in blood pressure and renal injury 

were less severe in Dahl SS female rats compared to male rats when BP in females was 

lower than males.44 Interestingly, other studies also reported that high salt intake caused 

similar increases in blood pressure and renal injury in male and female Dahl SS rats.15 

However, there is no information about hypertension associated renal inflammation in HFD/

normal salt fed Dahl SS female rats. Therefore, we examined the progression of renal 

macrophage and T-cell infiltrations in Dahl SS male and female rats at 10 weeks of HFD 

(pre-hypertensive), 17 weeks of HFD (moderate increase in blood pressure), and 24 weeks 

of HFD (hypertensive). We expected to see progressively increased renal macrophage and T-

cell infiltration during the time course of hypertension development in HFD male and female 

rats. But differences between HFD and CD Dahl SS rats in renal macrophage and T-cell 

infiltration were not significant in males or females at any time point.

Nevertheless, at 24 weeks of feeding, renal macrophage and T-cell infiltrations was highly 

correlated to blood pressure in male, but not female, Dahl SS rats. Differences in renal injury 

and inflammation between CD versus HFD male rats may be diminished by spontaneously 

developing hypertension (increased ~12 mmHg at 24 weeks) and renal inflammation in CD 

Dahl SS males. This may mean that HFD induces renal injury and inflammation through at 

least two mechanisms, only one of which is hypertension. Males seem more prone to 
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hypertension-associated renal injury, while injury in females may primarily reflect other 

effects of HFD.

Female Dahl SS rats showed comparable renal macrophage infiltration to male rats at 17 

weeks on the HFD, whereas macrophage infiltration was less than in male rats at 10 and 24 

weeks. Dahl SS female rats also had much less renal T-cell infiltration than males at 24 

weeks. Therefore, our studies support the previously proposed idea that renal protection in 

Dahl SS female rats is likely due to less pressure-associated renal macrophage and T-cell 

infiltration than male rats.45 Why Dahl SS female rats show less pressure-dependent renal 

inflammation compared to male rats is unknown.

T-reg cells maintain immune system homeostasis by suppressing activation of conventional 

effector T-cells.46 Sullivan et al showed that lower blood pressure and proteinuria in female 

compared to male SHR is due to increased renal T-reg cells.8, 11, 12 We speculated that there 

would be higher renal T-reg cells in Dahl SS female rats too, however, we found that at 17 

weeks renal T-reg/total T-cell ratio was comparable in HFD and CD fed male and female 

rats. Furthermore, HFD and CD female rats maintained this ratio, and total T-cell numbers, 

after 24 weeks on the HFD. Male rats had more total T-cells, with lower percentage of T-reg 

cells, compared to female rats. Our studies suggest that maintained T-reg cell number along 

with lower total T-cells in hypertensive Dahl SS female rats may play a key role in sex 

differences in hypertension associated renal injury. Our study is strongly supported by a 

recent study on pulmonary hypertension. Maintenance of T-reg cells appeared more 

important in protecting against pulmonary hypertension in female than male rats 47, since 

female rats with T-reg cell deficiency developed more severe pulmonary hypertension than 

male rats.

T-reg cells release IL-10, which protects against renal injury caused by the pro-inflammatory 

cytokines IL-6, IL-17, TNF-α.46 We analyzed renal mRNA expression of these cytokines 

and MCP-1 (macrophage activation) but did not find any differences among the various 

groups of rats at 17 and 24 weeks of HFD and CD feeding. This could indicate that 

increased release of cytokines has no role in the renal injury associated with HFD. It is also 

possible that mRNA expression and immune cell counts in renal sections may not represent 

the cytokine synthesis and release in whole kidney. We did not measure cytokine protein 

levels in the kidney, as it has been reported the levels in rat kidney are below the detection 

threshold of commercially available ELISA assays.12 We noted that renal macrophage 

infiltration was similar in males and females at 17 weeks of feeding, so it is crucial to know 

if there are different populations of M1 and M2 macrophages in males and females. More 

studies on immune cell profiles using flow cytometry analysis are needed, e.g. determination 

of renal M1 and M2 macrophage populations and detailed profiles of T-cell infiltration.11, 12

Increased sympathetic activation in renal T-cell infiltration?

Increased sympathetic activity could contribute to HFD or obesity associated hypertension5 

and T-cell infiltration, and the extent and timing of increases in sympathetic activation are 

sex dependent.48,49 HFD increased sympathetic support of blood pressure in male, but not 

female, mice, although the mice remained normotensive.49 We measured the sympathetic 

support of blood pressure by injection of hexamethonium. Our results were consistent with 
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the previous report: hexamethonium caused a larger depressor response in HFD male Dahl 

SS rats than CD males, but hexamethonium caused smaller depressor responses in HFD 

females than CD females and HFD males.49 We have no explanation for why HFD females 

showed reduced sympathetic support of blood pressure compared to CD females. Therefore, 

increased systemic sympathetic activity may be more responsible for hypertension and 

increased renal T-cell infiltration in HFD males than in female Dahl SS rats. Alternatively, 

since renal injury/inflammation may be a key stimulus for sympathoexcitation, it is possible 

that the greater T-cell infiltration in males versus females could account for the larger 

sympathetic support of blood pressure in HFD males.

Limitations and future studies:

Sex hormones affect both hypertension development and associated target organ damage in 

other experimental models. WE think that it is highly likely that sex hormones levels, and 

receptor function in autonomic, vascular, renal and immune systems, contribute to sex 

differences in hypertension associated renal inflammation/injury. One limitation of the work 

here is that we did not investigate those possibilities in our model; we will attempt to 

provide insight in future investigations. Another limitation of this study is that we used only 

high fat diet to drive adipose tissue accumulation. An increase in caloric intake through other 

means could dramatically change experimental outcomes, so the effects of other types of 

high calorie diets on hypertension and renal injury/inflammation in Dahl SS rats need to be 

investigated.

Conclusions:

Our studies show that feeding HFD from weaning promotes moderate adiposity and 

hypertension equally in adult Dahl SS male and female rats with minimal associated 

metabolic disorders, and exacerbates renal injury in male, but not female rats. Multiple 

mechanisms appear to be responsible for HFD feeding induced renal inflammation/injury in 

Dahl SS males, only one of which is hypertension. Dahl SS female rats may be protected 

against hypertension-associated renal injury via a blood pressure-independent moderation of 

renal inflammation. Maintained renal T-reg cell ratios may also contribute to the renal 

protection in Dahl SS female rats.

Perspective:

Hypertension is one of the leading causes of chronic kidney diseases. There are sex 

differences in hypertension development and the hypertension associated kidney diseases. 

Females usually are protected against hypertension associated renal injury via relatively 

lower blood pressure than males. In our studies, renal protection in hypertensive female Dahl 

SS rats is mediated by lower renal inflammatory responses and maintained T-reg cell ratios, 

not lower blood pressure. Our studies suggested that drugs that have potential properties to 

maintain the differentiation of T-reg from T cells would be novel treatments for the 

prevention or treatment of hypertension associated renal injury in males.

Fernandes et al. Page 10

Hypertension. Author manuscript; available in PMC 2019 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Clinical Implications:

Hypertension is the second leading cause of end stage renal disease.32 Our experimental 

model of HFD associated hypertension in a susceptible rat strain resembles clinical 

observations of sex differences in hypertension associated renal injury and dysfunction,7, 8 

specifically findings that males are at higher risk for hypertension associated renal 

dysfunction/injury than females.8, 33, 34 Our studies suggest that because the severity of renal 

injury/dysfunction does not depend exclusively on blood pressure levels, moderation of renal 

immune responses may be an effective way to protect against hypertension associated renal 

diseases, especially in males.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Significance:

What Is New:

a. High fat diet associated hypertension can occur with minimal changes in body 

weight and metabolic measures in the salt-sensitive Dahl SS rat.

b. There are sex differences in the occurrence of renal injury/inflammation in 

Dahl SS rats on HFD that are independent of blood pressure.

What Is Relevant:

a. Males and females had similar blood pressure responses to high fat feeding,

b. Renal injury/inflammation is highly correlated to the blood pressure levels in 

male but not in female salt sensitive rats.

c. Compared to males, females had lower grade renal injury with lower renal 

macrophage and T-cell infiltration and maintained T-reg cells.

Summary:

Maintenance of T-reg cell ratio may be a more important protection against hypertension 

associated renal injury than lower blood pressure.
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Fig 1: 
Comparison of body weight (A) and weekly 24-h mean arterial blood pressure (B), and heart 

rate (C) measured following 24 weeks of control and HFD with normal salt in Dahl salt 

sensitive (SS) male and female rats. D, maximal changes of MAP after injection of 

hexamethonium (HEX) in Dahl SS rats at 24 weeks. CD, control fed; HFD, high fat fed; 

MAP, mean arterial blood pressure; HR, heart rate, M, male; F, female. Data are presented as 

mean ± SE. *P<0.05, HFD vs CD; #, P<0.05 M vs F; § P<0.05, vs MAP at their 10 weeks.
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Fig 2: 
A, Representative light photomicrographs taken from Masson’s Trichrome-stained whole 

renal sections and higher magnified cortical areas from male and female Dahl SS rats at 24 

weeks (24WKs). Comparisons of semi-quantified renal injury scores in CD and HFD Dahl 

SS male and female rats at 10 (B), 17 (C), and 24 (D) weeks. Indicating the occurrence of 

histological changes in kidney sections: *hyaline cast; ←interstitial fibrosis (peritubular); 

stippled arrow, glomerular sclerosis. C, cortex; M, medulla. Data are mean ± SE. *P<0.05, 

HFD vs CD; #P<0.05 M vs F.
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Fig 3: 
A, Representative images (400x) of renal CD68+ positive cells in renal cortex taken from 

CD and HFD Dahl SS males and females at 24 weeks. B, Comparisons of cortical 

macrophages in CD and HFD males and females at 10 (10WKs), 17 (17WKs) and 24 weeks 

(24WKs). C Correlation between blood pressure and cortical CD68+ infiltrations in male 

and female Dahl SS rats at 24 weeks. Red arrow indicates CD68+ positive cells. Data are 

mean ± SE. *P<0.05, HFD vs CD; #P<0.05 M vs F, §; P<0.05, 10WKs vs 17WKs or 

24WKs.
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Fig 4: 
A, Representative images (400x) of renal CD3+ and CD3+FoxP3+ positive cells in cortex 

from CD and HFD males and females at 24 weeks. B, Comparisons of cortical CD3+ cells in 

CD and HFD males and females at 10 (10WKs), 17 (17WKs) and 24 weeks (24WKs). C, 

Correlation between blood pressure and cortical CD3+ infiltrations in male and female Dahl 

SS rats at 24 weeks. D, Comparisons of the ratio of T-reg cells (CD3+FoxP3+/CD3+ cells) in 

cortex area in CD and HFD Dahl SS male and female rats at 17 (17WKs) and 24 weeks 

(24WKs). Red arrow indicates CD3+ positive cells; green arrow indicates CD3+FoxP3 

positive cells. Data are mean ± SE. #P<0.05 M vs F, §; P<0.05, 10WKs vs 17WKs or 

24WKs
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Fig 5: 
A and B, Comparisons of cortical mRNA expression of cytokine and MCP-1 in CD and HF 

males and females at 17 (17WKs) and 24 weeks (24WKs). Data are mean ± SE. #P<0.05 M 

vs F, §; P<0.05, 17WKs vs 24WKs
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Fig 6: 
Comparison of body weight (A) and weekly 24-h mean arterial blood pressure (B) measured 

following 24 weeks of CD and HF feeding with normal salt in Sprague-Dawley (SD) male 

and female rats. C and D, comparisons of cortical and medullar CD68+ and CD3+ cells in 

CD and HFD males and females at 24 weeks. Data are mean ± SE.
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