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Abstract

This study tested if matrix metalloproteinase (MMP)-9 promoted microvascular pathology that 

initiates hypertensive (HT) kidney disease in salt-sensitive (SS) Dahl rats. SS rats lacking Mmp9 
(Mmp9−/−) and littermate control SS rats were studied after one week on a normotensive 0.3% 

sodium chloride (Pre-HT SS and Pre-HT Mmp9−/−) or a hypertension-inducing diet containing 

4.0% sodium chloride (HT SS and HT Mmp9−/−). Telemetry-monitored blood pressure of both 

the HT SS and HT Mmp9−/− rats increased and did not differ. Kidney microvessel transforming 

growth factor-beta 1 (Tgfb1) mRNA did not differ between Pre-HT SS and Pre-HT Mmp9−/− 

rats, but with hypertension and expression of Mmp9 and Tgfb1 increased in HT SS rats, along 

with phospho-Smad2 labeling of nuclei of vascular smooth muscle cells, and with peri-arteriolar 

fibronectin deposition. Loss of MMP-9 prevented hypertension-induced phenotypic transformation 

of microvascular smooth muscle cells and the expected increased microvascular expression of 

pro-inflammatory molecules. Loss of MMP-9 in vascular smooth muscle cells in vitro prevented 

cyclic strain–induced production of active TGF-β1 and phospho-Smad2/3 stimulation. Afferent 

arteriolar autoregulation was impaired in HT SS rats but not in HT Mmp9−/− rats or the HT SS rats 

treated with doxycycline, an MMP inhibitor. HT SS but not HT Mmp9−/− rats showed decreased 

glomerular Wilms Tumor 1 protein–positive cells (a marker of podocytes) along with increased 

urinary podocin and nephrin mRNA excretion, all indicative of glomerular damage. Thus, our 

findings support an active role for MMP-9 in a hypertension-induced kidney microvascular 

remodeling process that promotes glomerular epithelial cell injury in SS rats.
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Hypertension-induced nephropathy is a common cause of chronic kidney disease and is 

the second leading cause of end-stage kidney disease, producing over a quarter of all 

cases of end-stage kidney disease in the United States.1–3 With the high prevalence of 

hypertension in the population, however, the percentage of hypertensive patients who 

ultimately develop end-stage kidney disease has been low (0.5%–1% of the hypertensive 

population),3 suggesting a predisposition to the development of this form of hypertensive 

target organ injury. Remodeling of afferent arterioles is a hallmark of human hypertensive 

nephropathy; accumulation of extracellular matrix and podocyte loss with albuminuria and 

ultimately glomerulosclerosis and interstitial fibrosis generally accompany the vascular 

changes.4,5

An inherent predisposition to hypertension-induced kidney disease is observed not only 

in humans but also in rodent models.6–13 Dahl salt-sensitive (SS) rats are a very well 

characterized model of hypertension and particularly kidney injury.14–16 SS rats uniformly 

develop hypertension followed by proteinuria and progressive loss of kidney function.15,17 

Glomerular injury results from a vascular disease process that resembles the human 

condition of hypertension-induced microvascular remodeling in the kidney.15,17 Studies of 

SS rats support the concept that the remodeling process was related to an intrinsic disorder 

of vascular smooth muscle cells (VSMCs).16,18 Miller et al.19 strengthened this observation 

by showing that knocking out the gene that encodes the SH2 adaptor protein p66Shc 

prevented cell signaling responses of VSMCs to hypertension and protected the genetically 

modified SS rats from hypertension-induced nephropathy.

Matrix metalloproteinase-9 (MMP-9) participates in the pathophysiology of chronic kidney 

disease,20 but mechanisms of injury are incompletely understood. MMP-9 activity, but 

not the activity of the other gelatinase MMP-2, associates with albuminuria in patients 

and in the Munich Wistar Frömter rat, a model of progressive proteinuria.21 Williams et 
al.22 used 2 different nonselective metalloprotease inhibitors to show an improvement in 

glomerulosclerosis and interstitial fibrosis without reducing blood pressure in SS rats. Avian 

erythroblastosis virus E26 oncogene homolog-1 is a transcription factor that is involved in 

the regulation of the renovascular response to hypertension in SS rats.18,23,24 Importantly, 

MMP-9 is a downstream target of E26 oncogene homolog-1.25 A unique model of SS 

rats that lack Mmp9 (termed SSMmp9−/−) was therefore generated to test the hypothesis 

that MMP-9 promoted critical microvascular remodeling and hypertension-induced kidney 

injury. The findings of the present studies supported an important role of MMP-9 in kidney 

microvascular pathobiology and end-organ kidney damage in hypertension.
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METHODS

Animals

Studies were conducted using Dahl salt-sensitive rats (SS/JrHsd/Mcw, abbreviated as 

SS, rats)10,26–28 and Dahl SS/JrHsd/Mcw rats that have a deletion mutation in Mmp9 
(SSMmp9−/− rats). The original SS and SSMmp9−/− strains of rats were generous gifts from 

Dr. Aron Geurts, Medical College of Wisconsin. SSMmp9−/− rats were genetically identical 

to littermate SS rats, except for homozygous mutation of Mmp9, introduced using genome 

engineering with the CRISPR/Cas9 system, which targeted exon 4 of the rat Mmp9 gene 

and resulting in a frameshift mutation, confirmed by genotyping with TaqMan probe real-

time polymerase chain reaction (PCR; Transnetyx; Figure 1). Littermate SS rats served 

as controls in these experiments. Rat breeders and weanlings were fed a purified rodent 

diet containing 0.3% NaCl (Dyet#100077, AIN-76A Purified Rodent Diet with 0.3% NaCl, 

Dyets Inc.) and tap water ad libitum until study. In some experiments, doxycycline (Dox, 

D9891, MilliporeSigma), 30 mg/kg/d, in drinking water was given to SS rats 3 days before 

the termination of the study.

Genotyping and confirmation of Mmp9 mutation

For genotyping, TaqMan probes that recognized the 8-bp deletion sequence (mutant 

probe) or wild-type sequence (wild-type probe) were designed. The wild-type TaqMan 

probe was 5ʹ- ACGGG-TATCCCTTCGACG-3ʹ, and the TaqMan probe to detect the 

mutation in Mmp9 was 5ʹ-CCCCGGGTATCGAC-3ʹ. The genotypes were determined 

as wild-type (homozygous SS) or homozygous SSMmp9−/− for the mutation, depending 

on whether the samples were positive with only wild-type probes or positive with only 

mutant probes, respectively, as previously described.24 DNA samples of rats in the study 

were amplified with real-time PCR and used to determine genotype (Transnetyx). The 

forward primer sequence was CCGCCTCTGCAGAGCA, and the reverse sequence was 

GTGTGCCAGTAGACCATCCTT.

Experiments were performed using 9- to 12-week-old age-matched male SSMmp9−/− rats 

and littermates (SS). Male rats were used in these studies, because female SS rats may 

have different pathogenetic processes that generate and modify hypertension and end-organ 

injury.29 Because of the need to monitor blood pressure in awake unrestrained animals, 

continuous monitoring of blood pressure was performed using radiotelemetry.30,31 Rats were 

anesthetized using 2% isoflurane, and an implantable radiotelemetry transmitter (HD-S10, 

Data Sciences International [DSI]) was inserted into the left femoral artery to continuously 

record awake unrestrained blood pressure.32 Rats were allowed 7 days to recover and 

were then divided into 4 groups (n = 6–9 rats per group) and fed either a control diet 

containing 0.3% NaCl (AIN-76A Purified Rodent Diet with 0.3% NaCl, Dyets Inc.; groups 

termed Pre-HT SS and Pre-HT SSMmp9−/−) or a 4% NaCl diet for 1 week (Dyet#113756, 

AIN-76A Purified Rodent Diet with 4.0% NaCl, Dyets Inc.) to induce hypertension (groups 

termed HT SS and HT SSMmp9−/−). Blood pressure was continuously monitored in awake 

unrestrained rats throughout the 7-day study.
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On day 6 of high-salt feeding, some rats of the 4 experimental groups were placed in 

metabolic cages for 24 hours to collect urine to determine concentrations of albumin 

and creatinine. Urinary albumin concentrations were determined by enzyme-linked 

immunosorbent assay (catalog no. E110–125, Bethyl) and normalized against urinary 

creatinine concentration (catalog no. DICT-500, Bioassay Systems). Rats were anesthetized; 

blood was collected for determination of serum creatinine using liquid chromatography–

tandem mass spectrometry (Agilent 6460 C triple quad tandem mass spectrometry 

system)33; and the kidneys were harvested for physiology, histology, and molecular 

analyses.

Western blot analysis

Kidney tissues were homogenized and sonicated in Pierce RIPA Buffer (Catalog 

No. 89901, Thermo Scientific) with Halt Protease and Phosphatase Inhibitor Cocktail 

(Catalog No. 1861284, Thermo Scientific). The total soluble protein concentration in 

lysates was determined using a bicinchoninic acid assay kit (catalog no. 23227, BCA 

Protein Assay Reagent Kit, Thermo Scientific). Samples were boiled for 3 minutes in 

Laemmli buffer and separated using 7% to 12% sodium dodecylsulfate–polyacrylamide gel 

electrophoresis (catalog no. 5671044 Bio-Rad Laboratories) before electrophoretic transfer 

onto polyvinylidene diflouride membranes. The membranes were blocked in 5% nonfat milk 

and then probed with an MMP-9 antibody (catalog no. ab76003, Abcam; or catalog no. 

sc13520, MMP-9 antibody [7–11C], Santa Cruz Biotechnology, Inc.; diluted 1:1000). After 

washes, the blots were incubated for 1 hour at room temperature with Alexa Fluor 680 or 

790 conjugated AffiniPure anti-rabbit secondary antibody (1:10,000 dilution). The bands 

were detected using the Odyssey CLx Infrared Imaging System (LI-COR Biosciences), and 

densitometric analysis was performed using Image Studio Software (LI-COR Biosciences).

In vitro blood-perfused juxtamedullary nephron preparation

Autoregulatory behavior of afferent arterioles was assessed in experimental groups of 

animals by using the in vitro blood-perfused juxtamedullary nephron technique, as described 

previously.34–36 In the first experiment, 4 groups of rats were included: Pre-HT SS, Pre-HT 

SSMmp9−/−, HT SS, and HT SSMmp9−/− (n = 5–7 rats examined per group). In a second 

experiment, we used the MMP inhibitor Dox (D9891), 30 mg/kg/d, in drinking water37,38 

to assess the effect of MMP-9 on autoregulation. Additional 2 groups of rats were included: 

Pre-HT SS + Dox and HT SS þ Dox. Briefly, 2 identical rats were anesthetized with 

thiobutabarbital i.p. (100 mg/kg body weight) for each juxtamedullary nephron experiment. 

The right kidney was cannulated and continuously perfused over the course of the kidney 

dissection with ~200 to 300 ml of Tyrode’s buffer (Sigma-Aldrich) containing 5.2% bovine 

serum albumin (Calbiochem). Perfusate blood was collected via a carotid artery cannula 

from the kidney donor and an identical blood donor and centrifuged to obtain the plasma and 

erythrocytes for kidney perfusion (hematocrit of ~33%). The inner cortical surface of the 

right kidney was exposed, and the ends of the intrarenal arteries and arterial branches were 

tied with a 10–0 nylon suture to restore kidney perfusion pressure. After completion of the 

dissection, the kidney was switched to the reconstituted blood at a perfusion pressure of 100 

mm Hg. The image of the kidney was displayed on a video monitor via a high-resolution 

NC-70 Newvicon video camera (Dage-MTI) and recorded on digital video disk for later 
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analysis. After at least 20-minute equilibration period, afferent arteriolar autoregulatory 

responses were assessed as perfusion pressure was reduced from 100 to 65 mm Hg and then 

increased to 170 mm Hg in 15-mm Hg increments at 5-minute intervals. The inner arteriole 

diameter was measured every 12 seconds at a single site using a calibrated image-shearing 

monitor (model 908, Vista Electronics) and was calculated from the average of all diameter 

measurements collected during the final 2 minutes of each treatment period.

Kidney microvessel isolation for mRNA expression analysis

Briefly, rats were anesthetized with thiobutabarbital for retrograde perfusion through the 

abdominal aorta. The kidneys were perfused with 5 to 10 ml of Tyrode’s buffer to flush 

out the blood and placed in ice-cold physiological salt solution. Medulla and intrarenal 

arteries were removed, and cortical tissue was gently pressed through a nylon membrane 

sieve (100 μm pore size, BioDesign, Inc.). The kidney tissue was transferred into RNAlater 
stabilization solution (Invitrogen, Thermo Fisher Scientific). Segments of arcuate and 

interlobular arteries with attached afferent arterioles were identified and collected by 

microdissection under a stereoscope for mRNA extraction.

Real-time quantitative reverse transcription PCR analysis of gene expression in samples 
of kidney microvessels and urine

Kidney microvascular RNA was extracted from dissected kidney microvessels with TRIzol 

(Invitrogen). Urinary RNA was isolated from 24-hour urinary samples with a kit (Zymo 

Research). Samples were treated with DNAase I to remove genomic DNA. Protein- 

and DNA-free RNA was reverse transcribed to cDNA with use of SuperScript IV 

(Invitrogen). cDNA was amplified by PCR in the LightCycler 480 System (Roche) for 

40 cycles using the SYBR Green method (Applied Biosystems) and specific primers 

(Table 1); relative RNA levels were calculated with the PCR threshold cycle software 

and a standard equation (Applied Biosystems). mRNA expression was normalized 

against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for each sample and then 

standardized to the group of Pre-HT SS as 1.

Immunohistochemical and immunofluorescence staining

Three-micrometer-thick kidney sections were prepared from paraffin-embedded tissues. 

After deparaffinization, antigen retrieval was performed with Antigen Unmasking Solution 

(H-3300, Vector Laboratories).

For immunohistochemical staining, an avidin-biotin-peroxidase complex-based 

immunohistochemical technique was used to detect Wilms’ tumor 1 (WT1) protein, a 

podocyte marker, in glomeruli. Section peroxidase activity was quenched with BLOXALL 

Endogenous Blocking Solution (SP-6000, Vector Laboratories); endogenous biotin was 

blocked with the Avidin/Biotin Blocking Kit (SP-2001, Vector Laboratories); and other 

nonspecific staining was blocked with normal serum. Sections were incubated with the 

primary antibody rabbit antibody against WT1 (ab224806, Abcam) overnight, followed by 

application of a biotinylated goat anti-rabbit antibody for 30 minutes. Slides were then 

incubated with VEC-TASTAIN ABC Kit (PK-4001, Vector Laboratories) reagents according 

to the manufacturer’s instructions and developed with Vector NovaRED Substrate Kit 
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(SK-4800, Vector Laboratories) substrate. Images were acquired using a Leica DM6000 

microscope (Leica Microsystems). WT1-positive cells were counted in at least 30 glomeruli 

in each section of the experimental groups by a blinded observer. Counts were normalized 

using the glomerular area determined by Image J (National Institutes of Health) and then 

averaged per kidney. Values were averaged in experimental groups and expressed as mean ± 

SEM.

For immunofluorescence staining, sections were incubated with rabbit primary antibodies 

to phosphorylated Smad2 (#18338, Cell Signaling) and fibronectin (ab2413, Abcam) at 4 

°C overnight. Another primary antibody to smooth muscle actin (Mouse, 1A4, Invitrogen; 

or Rabbit, ab5694, Abcam) was also used to outline the vessel in kidney sections. Sections 

were washed and incubated with the respective secondary antibodies conjugated with either 

Alexa Fluor 488 (green, Invitrogen) or Alexa Fluor 594 (red, Invitrogen). Counterstaining 

of the nucleus was achieved by mounting sections with hardset mounting media containing 

4ʹ,6-diamidino-2-phenylindole (DAPI, blue color; Vector Laboratories). Negative controls 

by omission of the primary antibody were included in each experiment. Images were 

acquired using a Leica DM6000 epifluorescence microscope (Leica Microsystems) with 

a Hamamatsu ORCA ER cooled CCD camera (Hamamatsu Photonics) and SimplePCI 

software (Compix Inc).

Producing cyclic strain in primary cultures of VSMCs

Primary cultures of VSMCs were derived from 10-week-old inbred SS or SSMmp9−/− rats. 

Thoracic aortas were obtained by careful dissection under anesthesia. The adventitia and 

endothelium were carefully removed from segments of aorta and washed several times 

with Dulbecco’s modified Eagle’s medium (Gibco, Thermo Fisher Scientific). The segments 

were cut into ~0.5-mm squares, placed on 25-mm Petri dishes, cultured in Dulbecco’s 

modified Eagle’s medium containing 10% fetal bovine serum at 37 °C and 5% CO2. The 

cells that grew from the explants had become relatively confluent within a period of ~2 to 

3 weeks, as previously described.39,40 They were then rinsed with phosphate-buffered saline 

and subsequently passaged with trypsin. The resulting suspension of cells in Dulbecco’s 

modified Eagle’s medium supplemented with 10% fetal bovine serum was pipetted into the 

flask and placed back in the incubator. The medium was changed the next day to remove 

trypsin and cell debris. VSMCs in the first or second passage were stored in liquid nitrogen 

until use.40

To generate cyclic strain, cells were cultured in Dulbecco’s modified Eagle’s medium 

supplemented with 10% fetal bovine serum, 4 mmol/l of l-glutamine, 100 U/ml of penicillin, 

and 100 μg/ml of streptomycin. Cells were identified as smooth muscle cells by their 

characteristic morphology and positive immunostaining for α-smooth muscle actin (clone 

1A4, Dako). All experiments were performed using VSMCs in the early (<5) passage. 

VSMCs were seeded onto 6-well BioFlex plates coated with collagen type IV (FlexCell) 

and grown to 80% confluence and were serum starved for 12 hours before the study.40 

Biaxial cyclic stretch was performed using the FlexCell 6000 Strain Unit (FlexCell 

International Corporation). Cells were stretched for using a standardized regimen (8 hours, 

15% elongation, 1 Hz frequency) in accordance with a previous study41 and our preliminary 
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studies. At the end of the experiment, cells were harvested from mRNA and protein analyses 

and medium was harvested to determine active transforming growth factor β1 (TGF-β1) 

using a kit (DB100C, Human/Mouse/Rat/Porcine/Canine TGF-β1 ImmunoAssay Quantikine 

ELISA kit, Promega).

Statistical analyses

Data are expressed as mean ± SEM. Data from determination of blood pressure using 

telemetry and from autoregulation experiments were analyzed using 2-way analysis of 

variance for repeated measures. All other data were analyzed using 2-way analysis of 

variance. When the overall F test result of analysis of variance was significant, a Dunnett 

or Turkey post hoc test was also performed. A P value of <0.05 assigned statistical 

significance.

Study approval

This study was performed in accordance with the recommendations in the National Institutes 

of Health’s Guide for the Care and Use of Laboratory Animals. The Institutional Animal 

Care and Use Committee at the University of Alabama at Birmingham approved the project.

RESULTS

Characterization of SSMmp9−/− rats

The CRISPR/Cas9 system was used to delete 1-bp (t) and insert 5-bp (cgggta) in exon 

4 of the Mmp9 gene, producing a frameshift mutation in exon 4 (Figure 1a), and a 

premature stop codon in exon 8. Homozygous SSMmp9−/− and littermate control SS rats 

were confirmed using TaqMan probe real-time PCR (Transnetyx; Figure 1b) and were bred 

in the Animal Resources Program Facility at the University of Alabama at Birmingham. 

Littermate SS control and SSMmp9−/− rats were maintained on the 0.3% NaCl diet and then 

switched to the 4% NaCl diet for 1 week to induce hypertension. Western analysis at day 

7 confirmed the absence of MMP-9 in SSMmp9−/− rats on both diets and demonstrated that 

expression of MMP-9 relative to glyceraldehyde-3-phosphate dehydrogenase in the kidney 

cortex increased in HT SS compared with Pre-HT SS rats (Figure 1c; Supplementary Figure 

S1).

At day 7, total RNA was extracted from dissected kidney microvessels. Relative expression 

of Mmp9 determined using the SYBR Green reverse transcription PCR method and primers 

listed in Table 1 showed lower levels of Mmp9 mRNA in both Pre-HTor HT SSMmp9−/− rats 

than in Pre-HTor HT SS control rats. Development of hypertension increased Mmp9 mRNA 

expression by 1-fold in kidney microvessels of HT SS rats (Pre-HT SS vs. HT SS, 1.03 ± 

0.08 vs. 1.99 ± 0.2; P < 0.05).

Kidney injury was detected in HT SS rats but was abrogated in HT SSMmp9−/− rats despite 
radiotelemetry-monitored blood pressure that did not differ

At baseline, systolic blood pressure and diastolic blood pressure did not differ between SS 

and SSMmp9−/− rats. One week on the 4% NaCl diet increased both daytime and nighttime 

systolic blood pressure and diastolic blood pressure in SS and SSMmp9−/− rats to levels that 
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did not differ between the groups (n = 6 rats in each group; P > 0.05; Figure 2a). Heart rates 

also did not differ between SS and SSMmp9−/− rats (Supplementary Figure S2).

Assessment of serum creatinine concentration and urinary albumin excretion rate revealed 

that kidney injury was present in HT SS rats but was prevented in HT SSMmp9−/− rats 

despite a similar increase in blood pressure. Although mean serum creatinine concentration 

and mean urinary albumin excretion rate did not differ between Pre-HT SS and Pre-HT 

SSMmp9−/− rats maintained on the 0.3% NaCl diet, after 1 week of high salt intake, mean 

serum creatinine concentration and 24-hour urinary albumin excretion rate increased in HT 

SS rats and were higher than mean values observed in HTSSMmp9−/− rats (n = 6–9 rats in 

each group; P < 0.05; Figure 2b and c).

Podocyte injury increased in HT SS but not in SSMmp9−/− rats

Because of the early development of albuminuria, at day 7 podocyte damage was examined 

by quantifying WT1-positive podocytes in glomeruli and podocin and nephrin mRNA in 

urine. Blind analysis of photomicrographs of immunohistochemical staining using WT1 

antibody to outline the nuclei of podocytes showed that HT decreased WT1-positive cells in 

HT SS but not in HT SSMmp9−/− rats (n = 6 rats in each group; HT SS vs. HT SSMmp9−/−, 

3.66 ± 0.97 vs. 9.29 ± 0.91; P < 0.05; Figure 3a). At day 7, HT SS rats showed an 

increase (P < 0.05 vs. Pre-HT SS) in mean urinary podocin and nephrin mRNA excretion 

compared with Pre-HT SS rats. Compared with HT SS rats, urinary excretion of podocin 

and nephrin in HT SSMmp9−/− rats was less (n = 6 rats in each group; P < 0.05; HT SS vs. 

HT SSMmp9−/−, podocin: 18.9 ± 4.18 vs. 8.23 ± 1.55; nephrin: 16.0 ± 3.15 vs. 9.25 ± 2.27; 

Figure 3b and c).

Kidney autoregulation was preserved in HT SSMmp9−/− and HT SS rats treated with the 
MMP inhibitor

Mean diameters of afferent arterioles at baseline did not differ among experimental groups 

of rats (P > 0.05; Figure 4; Supplementary Table S1). Similarly, the vasoconstrictor 

responses of afferent arterioles to KCl (55 mM) did not differ among the 6 groups 

under study (Supplementary Figure S3). Afferent arterioles from Pre-HT SS and Pre-HT 

SSMmp9−/− rats exhibited normal autoregulatory behavior. Decreasing kidney perfusion 

pressure from 100 to 65 mm Hg increased the afferent arteriolar diameter to 115% ± 3% 

and 114% ± 3% of baseline diameter (P < 0.05; Figure 4a), respectively. Stepwise increases 

in perfusion pressure to 170 mm Hg decreased arteriolar diameter to 76% ± 4% and 76% 

± 2% of baseline diameter (P < 0.05), respectively. In contrast, pressure-mediated afferent 

arteriolar responses were markedly impaired in HT SS rats. Baseline diameter averaged 

14.3 ± 1.3 μm and remained between 107% ± 2% and 102% ± 3% (P < 0.05 vs. Pre-HT 

SS) of baseline diameter over the 65 to 170 mm Hg pressure range tested (Figure 4). 

Importantly, kidney autoregulation remained intact in HT SSMmp9−/− rats. Baseline diameter 

averaged 13.5 0.7 mm in HT SSMmp9−/− rats. Decreasing kidney perfusion pressure from 

100 to 65 mm Hg resulted in a diameter increase to 113% ± 3% of baseline in the HT 

+ Dox group, whereas increasing perfusion pressure to 170 mm Hg resulted in a pressure-

dependent vasoconstriction to 71% ± 5% (P < 0.05 vs. HT SS). Like HT SSMmp9−/− rats, 

kidney autoregulation was also preserved in SS rats treated with Dox (HT SS + Dox 
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rats; Figure 4b). One week on the 4% NaCl diet increased both daytime and nighttime 

systolic blood pressure and diastolic blood pressure in groups of SS rats and SS rats on 

Dox treatment to levels that did not differ (P > 0.05) between the HT SS and HT + Dox 

groups (Supplementary Figure S4). Dox treatment alone did not alter the autoregulatory 

profile in pre-HT rats. Baseline diameter averaged 12.9 ± 0.5 μm in HT SS + Dox rats. 

Decreasing kidney perfusion pressure from 100 to 65 mm Hg resulted in a diameter increase 

to 113% ± 3% of baseline, whereas increasing perfusion pressure to 170 mm Hg resulted in 

a pressure-dependent vasoconstriction to 77% ± 1% (P < 0.05 vs. HT SS).

TGF-β pathway was activated and fibronectin increased in the kidney microvasculature in 
HT SS but not in SSMmp9−/− rats

At day 7, immunofluorescence microscopy using α-smooth muscle actin antibody (green) 

to outline the arteriole showed the appearance of MMP-9 and activation of Smad2 in 

the smooth muscle layer of kidney microvessels of HT SS rats as well as production of 

fibronectin in and around arterioles (Figure 5; Supplementary Figure S5).

Real-time quantitative reverse transcription PCR using total RNA extracted from dissected 

kidney microvessels at day 7 showed that basal mRNA levels of Mmp9, Tgfb1, and Fn1 
were low in Pre-HT SS and Pre-HT SSMmp9−/− rats and were significantly increased in HT 

SS rats but not in microvessels of HT SSMmp9−/− rats (n = 6 animals in each group; HT SS 

vs. Pre-HT SS, Pre-HT SSMmp9−/−, or HT SSMmp9−/− groups; P < 0.05; Figure 5).

Expression of pro-inflammatory and pro-osteogenic molecules increased in the kidney 
microvasculature in HT SS but not in SSMmp9−/− rats

Along with activation of the TGF-β pathway, we determined relative mRNA expression of 

several additional molecules known to affect vascular function through inflammation and 

calcification. Relative microvascular mRNA expression of P-selectin, Toll-like receptor 2, 

and intercellular adhesion molecule increased 5.0-, 2.2-, and 1.8-fold, respectively, in HT SS 

rats but did not change in HT SSMmp9−/− rats (Figure 6). Similarly, relative microvascular 

mRNA expression of Runt-related transcription factor 2, also known as core binding factor 

subunit alpha 1, periostin, and osteopontin increased 1.6-, 4.2-, and 3.8-fold, respectively, in 

HT SS rats but did not increase in HT SSMmp9−/− rats (n = 6 rats in each group; P < 0.05 vs. 

HT SSMmp9−/−; Figure 6).

Producing cyclic strain in cultures of VSMCs from SS but not from SSMmp9−/− rats 
produced active TGF-β and activated the canonical TGF-β pathway

To provide additional mechanistic insight, primary cultures of VSMCs from SS and 

SSMmp9−/− rats were subjected to cyclic strain. Under static conditions, expression of Tgfb, 

amount of active TGF-β1 in the medium, and activation of the Smad-signaling pathway 

were low and did not differ between VSMCs from either strain of rats. Cyclic strain (15% 

elongation at 1 Hz) generated increases in mRNA of TGF-β, amount of TGF-β1 in the 

medium, and activation of Smad signaling in VSMCs from SS rats but not VSMCs from 

SSMmp9−/− rats (Figure 7).
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DISCUSSION

Hypertension-induced nephropathy and hypertension per se may be inherited as separate 

genetic traits in SS rats.42 These conditions, however, are usually interrelated as progression 

of albuminuria and deterioration in kidney function in these animals is dependent on the 

development of hypertension.15 The present series of experiments examined alterations 

in kidney microvascular function during hypertension-induced kidney disease in SS rats. 

New findings included the following: (i) loss of Mmp9 did not alter the sustained 

increase in telemetry-monitored blood pressure in SSMmp9−/− rats over the study period, 

but did prevent the attendant increase in serum creatinine and albuminuria; (ii) HT SS 

but not HT SSMmp9−/− rats demonstrated the loss of afferent arteriolar autoregulatory 

capability known to occur with hypertension in this rodent strain43,44; (iii) loss of Mmp9 
inhibited activation of TGF-β1 in kidney arterioles in vivo and cultured VSMCs in vitro; 

(iv) loss of Mmp9 prevented hypertension-associated increases in kidney microvascular 

expression of Runt-related transcription factor 2 (core binding factor subunit alpha 1), 

a transcription factor that serves as an essential and sufficient initiator of osteoblast 

differentiation,45–48 and regulates transcription of bone matrix protein genes that include 

periostin and osteopontin,49,50 which were increased 4.2- and 3.3-fold, respectively, in HT 

SS rats; and (v) HT SS but not HT SSMmp9−/− rats showed loss of glomerular WT1-positive 

cells and increases in urinary podocin and nephrin mRNA. These studies discovered in SS 

rats a Mmp9-dependent, hypertension-induced osteogenic phenotypic switch by VSMCs, 

with concomitant dysregulation of microvascular function. The loss of Mmp9 provided a 

renoprotective role that limited the development of hypertension-induced nephropathy.

By preventing the transmission of increased arterial pressure into glomerular capillaries, 

the afferent arteriole is perhaps the most important vessel responsible for renoprotection 

in hypertension.51–55 Some hypertensive patients demonstrate glomerular hyperfiltration 

and absent autoregulation of glomerular filtration rate; this population also experienced 

a 5-fold increased incidence of hypertension-mediated end-stage kidney disease.56 

Prehypertensive SS rats do not manifest glomerular hypertension,57 but develop severely 

impaired autoregulation with sustained hypertension.18,44,58 Autoregulation is a function 

of the arteriolar myogenic response and tubuloglomerular feedback (TGF).8,59–61 Impaired 

autoregulation from altered myogenic responses has been demonstrated in SS rats,44 but 

TGF responses are preserved in this model.62 It is possible that the lack of Mmp9 may have 

enhanced TGF and restored afferent arteriolar autoregulation, which include both myogenic 

and TGF responses in the in vitro blood perfused juxtamedullary nephron preparation.63 

Although the present study did not directly examine TGF in this model, the middle 

segment rather than the distal segment of the afferent arteriole was examined in this study. 

This approach limited the effect of TGF, permitting the myogenic response to become 

the major component of the overall autoregulatory response.64 Along with evidence of 

arteriolar remodeling, the present study showed that hypertension-induced impairment of 

autoregulation of the afferent arteriole was prevented in SSMmp9−/− rats. In animal models65 

as well as humans,66 podocyte loss is associated with albuminuria and progressive chronic 

kidney disease with glomerulosclerosis and interstitial fibrosis. In this study, podocyte loss 

and increased urinary podocin and nephrin mRNA correlated with impaired autoregulation 
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of the afferent arteriole in HT SS rats. These findings are consistent with barotrauma-

induced podocyte detachment, which occurs in the presence of augmented mechanical 

distention and shear forces.67 The demonstrated prevention of arteriolar remodeling and 

preservation of afferent arteriolar autoregulation along with prevention of podocyte injury in 

HT SSMmp9−/− rats supported a critical role of expression of MMP-9 in afferent arteriolar 

function and attendant glomerular injury during systemic hypertension in this model.

The case for altered activity of MMP-9 in kidney diseases has been considered in several 

studies, but the findings are complicated and occasionally contradictory.68 MMP-9 is 

considered renoprotective in acute kidney injury, because mice lacking Mmp9, for example, 

demonstrate more severe injury, likely because of increased apoptosis in the tubular nephron 

from disruption of the stem cell factor pathway.69 Other investigators showed that loss of 

Mmp9 was not protective in acute kidney injury after bilateral kidney pedicle clamping, 

but limited microvasular rarefaction in their mouse model.70 Further, reductions in MMP-9 

levels with diminished degradation of extracellular matrix proteins have been correlated with 

the development of glomerulosclerosis and tubulointerstitial fibrosis in other rodent models 

of chronic kidney disease.71 In contrast to these findings, removal of MMP-9 prevented 

changes in afferent arteriolar function and attendant glomerular epithelial cell injury.

The underlying mechanism by which removal of MMP-9 improved renovascular function 

in this model is supported by in vivo and in vitro studies. Although substrates for MMP-9 

are classically matrix proteins, MMP-9 also cleaves latent TGF-β, releasing the active form 

of the molecule.72 The studies showed activation of the canonical TGF-β pathway in the 

arterioles of HT SS rats but did not develop in HT SSMmp9−/− rats. Levels of active TGF-β 
in the medium and phosphorylated Smad2/3 increased when cyclic strain was applied to 

cultured VSMCs from SS but not VSMC from SSMmp9−/− rats, indicating that MMP-9 

from VSMCs was sufficient to activate the canonical TGF-β pathway in these cells. The 

addition of recombinant active TGF-β can acutely impair autoregulation.73 In response 

to various environmental stresses, however, VSMCs are known to undergo phenotypic 

transformation from a contractile to a synthetic phenotype.74 TGF-β also promotes 

osteoblastic transformation of VSMCs by increasing Runt-related transcription factor 2 

through the Smad-signaling pathway.75 The findings of the present study—increased TGF-β, 

Smad signaling, fibronectin, Runt-related transcription factor 2, and osteopontin—supported 

this function of MMP-9 in the microvascular remodeling process that developed during 

hypertension in SS but not in SSMmp9−/− rats.

In summary, the combined findings of the present study uncover an active role of VSMC-

derived MMP-9 in a hypertension-induced kidney microvascular remodeling process that 

promoted glomerular epithelial cell injury in SS rats. Although MMP-9 is involved in 

kidney microvascular structure and function, a concomitant intrinsic role of MMP-9 

in the glomerular pathology cannot be excluded. Future studies are also required to 

determine whether other cellular sources participate, such as macrophages that infiltrate 

around the vascular wall during the remodeling process.18 Although these findings explain 

hypertension-induced nephropathy in SS rats, a renovascular role of Mmp9 in other animal 

models and in human hypertensive nephrosclerosis remains to be determined. Dox did 

not reduce the growth rate of small abdominal aortic aneurysms in patients, but the 
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findings demonstrated the feasibility of treatment for 2 years with minimal adverse drug 

effects.76 The use of Dox or other MMP-9 inhibitor in doses that preserve afferent arteriolar 

autoregulation raises the exciting potential that these pharmaceutical agents may mitigate 

hypertension-induced kidney injury in susceptible populations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational Statement

Hypertensive nephropathy involves kidney dysfunction and microvascular pathology. 

Using salt-sensitive (SS) rats, the present studies discovered a matrix metalloproteinase-9 

(MMP-9)–dependent, hypertension-induced osteogenic phenotypic switch by kidney 

microvascular smooth muscle cells, with concomitant dysregulation of microvascular 

function. Kidney dysfunction and podocyte injury followed these changes in SS but not 

in SS rats that lack Mmp9. The observations provide new opportunities for exploration of 

early diagnosis of impaired kidney autoregulation in hypertension and for development of 

novel therapeutic strategies that protect against this common mediator of chronic kidney 

disease.
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Figure 1|. Development of hypertension increases matrix metalloproteinase-9 (MMP-9) 
expression in the kidney cortex.
(a) The genomic sequence of Mmp9 was altered using the CRISPR/Cas9 system, which 

deleted 1-bp (t) and inserted 5-bp (cgggta) in exon 4, producing a frameshift mutation. (b) 
Genotypes of homozygous salt-sensitive (SS) rats that lack Mmp9 (SSMmp9−/− rats) and 

littermate control SS rats were confirmed using TaqMan probe real-time polymerase chain 

reaction (PCR; Transnetyx). Following PCR using the primers shown, the amplified product 

was probed with either the mutant (left panel) or the wild-type (right panel) probe. Left 
panel: Amplicon from DNA of an SSMmp9−/− rat that was positive using the mutant probe 

(cycle threshold about 19, sample in duplicate). Amplicons from SS rats generated no signal 

using the mutant probe (not shown). Right panel: Amplicon from DNA of an SS rat that was 

positive using the wild-type probe (cycle threshold about 22, sample in duplicate); no signal 

from SSMmp9−/− rats was observed using the wild-type probe (not shown). (c) Littermate SS 

control and SSMmp9−/− rats maintained on either the 0.3% NaCl diet (labeled Pre-HT) or the 
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4.0% NaCl diet (labeled HT) for 7 days were studied. Western analysis at day 7 confirmed 

the absence of MMP-9 in SSMmp9−/− rats on both diets and also demonstrated increased 

expression of MMP-9 relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in 

the kidney cortex in HT SS compared with Pre-HT SS rats. *P < 0.05, Pre-HT SS rats versus 

HT SS rats. Data were expressed as mean ± SEM and were analyzed using 2-way analysis of 

variance and Tukey post hoc test. Mr, relative molecular mass.
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Figure 2|. Kidney injury developed in hypertensive salt-sensitive (SS) rats but was abrogated in 
SS rats that lack matrix metalloproteinase-9 (Mmp9) (SSMmp9−/− rats) despite a similar increase 
in telemetry-monitored blood pressure.
(a) At baseline, telemetry-monitored mean systolic blood pressure (SBP) and diastolic blood 

pressure (DBP) did not differ between SS (solid line) and SSMmp9−/− (dashed line) rats. One 

week of high salt intake increased SBP and DBP in both SS and SSMmp9−/− rats. n = 6 

rats in each group. *P < 0.05, SS rats fed a control diet containing 0.3% NaCl (Pre-HT SS 

rats) versus SS rats fed a 4% NaCl diet for 1 week to induce hypertension (HT SS rats), 

SSMmp9−/− rats fed a control diet containing 0.3% NaCl (Pre-HT SSMmp9−/− rats) versus 

SSMmp9−/− rats fed a 4% NaCl diet for 1 week to induce hypertension (HT SSMmp9−/− 

rats). The strain effect (SS or SSMmp9−/−) and the increase in SBP and DBP did not differ 

between SSMmp9−/− and SS rats. n = 6. P > 0.05, HT SS rats versus HT SSMmp9−/− rats. (b) 
Hypertension increased mean serum creatinine concentration of the HT SS group but not the 
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HT SSMmp9−/− group. n = 9 rats in each group. *P < 0.05 versus the other 3 groups. (c) After 

1 week of high salt intake, HT SS rats also showed a significant increase in mean urinary 

albumin excretion as compared with the other 3 groups of rats. n = 6 to 7. *P < 0.05. Data 

were expressed as mean ± SEM. Blood pressure data were analyzed using 2-way analysis of 

variance for repeated measures and Dunnett post hoc test. Serum creatinine and albuminuria 

data were analyzed using 2-way analysis of variance and Tukey post hoc test.
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Figure 3|. Podocyte injury developed with hypertension in salt-sensitive (SS) rats, whereas 
hypertensive SS rats that lack matrix metalloproteinase-9 (Mmp9) (SSMmp9−/− rats) were 
protected.
(a) Blind analysis of photomicrographs of immunohistochemical (IHC) staining using 

Wilms’ tumor 1 (WT1) protein antibody to outline the nuclei of podocytes (arrows) showed 

that hypertension decreased WT1-positive cells in SS but not in SSMmp9−/− rats. n = 6 rats 

in each group. SS rats fed a 4% NaCl diet for 1 week to induce hypertension (HT SS rats) 

versus SSMmp9−/− rats fed a 4% NaCl diet for 1 week to induce hypertension (HT SSMmp9−/− 

rats), 3.66 0.97 versus 9.29 0.91. *P < 0.05. Representative photomicrographs of IHC 

staining are shown. (b,c) HT SS rats showed a significant increase in urinary podocin and 

nephrin mRNA excretion as compared with Pre-HT SS rats that are significantly reduced in 

SSMmp9−/− rats. n = 6. *P < 0.05 versus Pre-HT SS rats, #P < 0.05 versus HT SS rats. Data 

were expressed as mean ± SEM and were analyzed using 2-way analysis of variance and 

Tukey post hoc test.. To optimize viewing of this image, please see the online version of this 

article at www.kidney-international.org.
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Figure 4|. Inhibition of matrix metalloproteinase-9 (MMP-9) improved kidney microvasculature 
autoregulation in salt-sensitive (SS) rats fed a 4% NaCl diet for 1 week to induce hypertension 
(HT SS rats).
Afferent arteriolar autoregulation was assessed using an in vitro blood-perfused 

juxtamedullary nephron preparation. Left panels: Changes in mean diameters of afferent 

arterioles in response to alteration of renal perfusion pressure Right panels: Data normalized 

as a percentage of the control diameter at 100 mm Hg. (a) Afferent arteriolar autoregulation 

was assessed in SS rats and SS rats that lack Mmp9 (SSMmp9−/− rats) after 7 days maintained 

on either a 0.3% salt diet (Pre-HT and Pre-HT SSMmp9−/− rats, respectively) or a 4.0% 

salt diet (HT SS and HT SSMmp9−/−). Both strain effect (SS or SSMmp9−/−) and perfusion 

pressure effect are significant (P < 0.05), and the curves are different. P < 0.05. (b) In 

separate experiments, afferent arteriolar autoregulation was determined in SS rats treated 

with either vehicle or doxycycline (Dox) fed the low-salt diet (Pre-HT SS and Pre-HT SS + 

Dox) or the high-salt diet (HT SS and HT SS + Dox). Treatment effect (Dox) and perfusion 

pressure effect are significant (P < 0.05), and the curves are different. P < 0.05. In both 

studies, loss of autoregulation produced by the development of hypertension in SS rats was 

prevented by either MMP-9 knockout (KO) or treatment with Dox. n = 5 to 7. *P < 0.05 

versus control diameter in the same group, #P < 0.05 versus Pre-HT SS kidneys at the same 

perfusion pressure. Data were expressed as mean ± SEM and were analyzed using 2-way 

analysis of variance for repeated measures. Post hoc test was performed using a Dunnett 

multiple comparisons test.
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Figure 5|. Matrix metalloproteinase-9 (MMP-9) and the transforming growth factor-β (TGF-β) 
pathway are activated in kidney microvessels of hypertensive salt-sensitive (SS) rats but not of 
hypertensive SS rats that lack Mmp9 (SSMmp9−/− rats).
Top panels: Immunofluorescence microscopy used α-smooth muscle actin antibody (green) 

to outline kidney arterioles, which were 1 to 2 smooth muscle cells thick and <50 μm 

in diameter. Using antibodies to MMP-9, phosphorylated Smad2 (phospho-Smad2), and 

fibronectin (red), MMP-9, active Smad2, and fibrinogen were identified (yellow arrows) in 

the smooth muscle cell layer of kidney microvessels of SS rats fed a 4% NaCl diet for 1 

week to induce hypertension (HT SS rats) but not of SS rats fed a control diet containing 

0.3% NaCl (Pre-HT SS rats), SSMmp9−/− rats fed a control diet containing 0.3% NaCl 

(Pre-HT SSMmp9−/− rats), and SS rats fed a 4% NaCl diet for 1 week to induce hypertension 

(HT SSMmp9−/− rats). Bottom panels: Experiments using total RNA isolated from kidney 

microvessels showed low basal mRNA levels of Mmp9, Tgfb1, and Fn1 in Pre-HT SS and 

Pre-HT SSMmp9−/− rats. The amount of these mRNAs increased specifically in the group of 

HT SS rats. n = 6 animals in each group. *P < 0.05 versus Pre-HT SS, Pre-HT SSMmp9−/−, 

and HT SSMmp9−/− groups. To optimize viewing of this image, please see the online version 

of this article at www.kidney-international.org.
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Figure 6|. Microdissected arterioles of salt-sensitive (SS) rats fed a 4% NaCl diet for 1 week 
to induce hypertension (HT SS rats) but not of SS rats that lack matrix metalloproteinase-9 
(Mmp9) (SSMmp9−/− rats) demonstrated increased mean steady-state relative mRNA levels of 
pro-osteogenic and pro-inflammatory molecules.
(a) Kidney microvascular mRNA expression of pro-osteogenic molecules Runt-related 

transcription factor 2 (Runx2), periostin, and osteopontin increased 1.5-, 4.2-, and 3.3-fold, 

respectively, in HT SS rats and were greater than corresponding levels in microvessels of 

SS rats fed a control diet containing 0.3% NaCl (Pre-HT SS rats), SSMmp9−/− rats fed a 

control diet containing 0.3% NaCl (Pre-HT SSMmp9−/− rats), and SSMmp9−/− rats fed a 4% 

NaCl diet for 1 week to induce hypertension (HT SSMmp9−/− rats). n = 6 animals in each 

group. *P < 0.05 versus Pre-HT SS, Pre-HT SSMmp9−/−, and HT SSMmp9−/− groups. (b) 

Kidney microvascular mRNA expression of inflammatory mediators P-selectin, Toll-like 

receptor 2 (TLR2), and intercellular adhesion molecule (ICAM) increased 5.0-, 2.2-, and 

1.7-fold, respectively, in HT SS rats and were greater than levels of expression observed in 

microvessels of Pre-HT SS, Pre-HT SSMmp9−/−, and HT SSMmp9−/− rats. n = 6 animals in 

each group. *P < 0.05 versus Pre-HT SS, Pre-HT SSMmp9−/−, and HT SSMmp9−/− groups. 

Data were expressed as mean SEM and were analyzed using 2-way analysis of variance and 

Tukey post hoc test.
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Figure 7|. Cyclic strain activates the canonical transforming growth factor-β (TGF-β) signaling 
pathway in vascular smooth muscle cells (VSMCs) from salt-sensitive (SS) rats but not in 
VSMCs from SS rats that lack matrix metalloproteinase-9 (Mmp9) (SSMmp9−/− rats).
(a) Top left panel: Cyclic strain (15% elongation at 1 Hz) increased relative expression of 

Tgfb1 specifically in VSMCs from SS rats. n = 5 samples in each group. *P < 0.05. Data 

analyzed using 2-way analysis of variance (ANOVA) and Tukey post hoc test. Top right 

panel: Induction of cyclic strain increased levels of active TGF-β1 in the medium of VSMCs 

from SS rats. n = 6 samples in each group. *P < 0.05. Data analyzed using 2-way ANOVA 

and Tukey post hoc test. (b) Compared to wild-type cells under static conditions, cyclic 

strain (15% elongation at 1 Hz) increased relative expression of Mmp9; mRNA was not 

present in samples from Mmp9 knockout rats (right panel). n = 4 samples in each group. *P 
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< 0.05. Data analyzed using 2-way ANOVA and Tukey post hoc test. (c) Western analysis 

showed increased phosphorylated Smad2/3 (pSmad2/3) in VSMCs from SS rats exposed to 

cyclic strain. n = 4 samples in each group. *P < 0.05. Data analyzed using 2-way analysis of 

variance and Tukey post hoc test. GAPDH, glyceraldehyde-3-phosphate dehydrogenase; NS, 

not significant.
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Table 1|

Primers used in real-time polymerase chain reaction analyses

Gene Forward primer Reverse primer

Mmp9 GAATCACGGAGGAAGCCAAT GTGTACACCCACATTTTGCG

Nphs2 (podocin) GCAGTCTAGCTCATGTGTCC CTGAGTCCAAGGCAACCTTT

Nphs1 (nephrin) CTGTGGACATAGTCTGCACC CTTTCTCCATGTCGTCCAGG

Tgfb1 CTACTGCTTCAGCTCCACAGAGA ACCTTGGGCTTGCGACC

Fn1 (fibronectin) GCCTTCAACTTCTCCTGTGA GTTGCAAACCTTCAATGGTC

Runx2 TGACCTTTGTCCCAATGTGG TTTGCTACTGGGTGGGTTTC

Spp1 (osteopontin) AGGAGTTTCCCTGTTTCTG GTCTTCCCGTTGCTGTC

Postn (periostin) CATAGACGGGGTTCCTGTTG TGCAAGAATTTCTGCAGGGT

Selp (P-selectin) AATGAAATCGCTCACCTC TTATTGGGCTCGTTGTCT

TLR2 GCTCCTGTGAACTCCTGTCC GACACTCCAAGACTGAGGGC

ICAM CAAACGGGAGATGAATGG TGGCGGTAATAGGTGTAAAT

GAPDH ATTCTTCCACCTTTGATGC TGGTCCAGGGTTTCTTACT

18S ATTTGACTCAACACGGGAAA TCGCTCCACCAACTAAGAAC
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