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Chronic hypertension is an increasingly prevalent condition that constitutes a risk factor for 
superimposed preeclampsia during pregnancy. In this study, we assessed the gut microbiome in a rat 
model of superimposed preeclampsia to characterize the microbial signature associated with defective 
placentation processes identified at the preclinical disease stage. The blood pressure profile, renal 
function parameters and fetal phenotype were evaluated in pregnant Stroke-prone Spontaneously 
Hypertensive Rats (SHRSP) and their normotensive controls. On gestation day (GD)14, feces were 
collected and gut microbiome composition and short-chain fatty acid concentrations were determined 
by 16S rRNA sequencing and gas chromatography respectively. At disease onset on GD14, the fecal gut 
microbiome of SHRSP showed a lower alpha diversity and significant differences in beta diversity when 
compared with control animals. In the feces, Prevotella, Bifidobacterium, Parasutterella and Roseburia 
were enriched in SHRSP pregnancies compared to controls, showing a strong correlation with clinical 
parameters. Bacteria from the families Ruminococcaceae, Oscillospiraceae and the genera Blautia and 
Faecalibacterium were depleted. Considering short-chain fatty acids, acetate, propionate and valerate 
were increased in the SHRSP model, showing a strong positive correlation with the relative abundance 
of enriched taxa. We show that on GD14, at the asymptomatic SPE onset stage, pregnant SHRSP 
display a distinct gut microbiome signature and altered short chain fatty acid metabolism compared to 
control animals.

Chronic hypertension constitutes an increasingly prevalent complication in pregnancy, affecting up to 5% 
of pregnancies and representing the main maternal risk factor for the development of preeclampsia (PE)1. 
Superimposed PE (SPE) occurs in 20–40% of women with chronic hypertension, and after adjusting for 
confounding factors, the risk of preterm SPE is 5 to 6 times higher in women with a preexisting hypertensive 
condition. Development of SPE is associated with a higher incidence of adverse maternal and perinatal 
outcomes, including preterm birth, delivery of small-for-gestational-age neonates and consequent admission 
to the neonatal intensive care unit2,3. Diagnosis of SPE is still challenging, since in chronic hypertension the 
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clinical signs traditionally considered as assessment criteria can often predate the pregnancy. Therefore, there 
is a growing need to identify biomarkers for screening and diagnosis and to aid in the stratification of risk in 
women with chronic hypertension.

Animal models are instrumental to investigate causative associations in PE pathogenesis, and to evaluate 
possible strategies for diagnosis and intervention. However, few models available thus far are representative of 
the pathogenesis of SPE. Our previous studies demonstrated that the Stroke-prone Spontaneously Hypertensive 
Rat (SHRSP), a well-studied model of chronic hypertension, develops a SPE phenotype during pregnancy with 
distinct placental, maternal and fetal features4. In this model, disease onset is characterized by a preclinical 
stage occurring mid-pregnancy, comprising placental vascular alterations, impaired trophoblast invasion and 
activation of oxidative stress pathways4,5, which ultimately result in placental dysfunction and an asymmetric 
fetal growth restriction phenotype of the offspring. On the maternal side, the clinical syndrome is fully established 
towards term, with impaired blood pressure control and signs of renal compromise including decreased urine 
output, impaired filtration and eventual proteinuria4,6.

In the past decades, an emerging concept is that the gut microbiome acts as a key determinant of health and 
disease7. Pathogenic alterations in the composition and function of the gut microbiome—known as dysbiosis—
have been linked to the development of cardiometabolic disorders including chronic hypertension8–10. 
Compositional microbiota variations are reflected by measurements of alpha diversity (number of taxa), beta 
diversity (differences between groups) and differences in the relative abundance of bacterial taxa. In particular, 
the relationship between the two dominant phyla, expressed as the Firmicutes:Bacteroidetes ratio, has been 
associated with different pathological conditions and is considered a marker of gut dysbiosis11. The association 
of gut microbiome alterations and hypertensive conditions may be driven by microbial-derived metabolites 
such as short-chain fatty acids (SCFAs), which can participate in several mechanisms relevant to blood 
pressure regulation, including vasodilation, renal sodium/potassium regulation, and immune modulation12,13. 
Accordingly, recent studies show that compared to its normotensive control strain, the SHRSP display a distinct 
gut bacterial community structure already in the pre-hypertensive stage, as early as four weeks of age14. While 
cross-fostering and microbiota transplant experiments have demonstrated that gut dysbiosis in the SHRSP has 
an underlying role in the development of hypertension15,16, little is known on the specific bacterial taxa and 
mechanisms associated with different pathophysiological contexts in this model.

During pregnancy, the gut microbiome undergoes significant adaptive changes in bacterial composition in 
response to physiological processes of the host17,18. However, our knowledge on the impact of a pre-existing 
dysbiotic gut microbiome on these physiological adaptations is still limited. In an attempt to shed light on the 
contribution of gut dysbiosis to the development of SPE, the aim of this study was to characterize the microbial 
signature associated with disease onset in SHRSP pregnancies and its correlation with maternal signs.

Results
Description of the model and assessment of maternal signs at disease onset
We previously demonstrated that pregnant SHRSP represent a preclinical model of SPE with distinct placental, 
maternal and fetal features (Fig. 1a)4,6. During pregnancy, SHRSP spontaneously develop increased blood pressure, 
signs of renal compromise and asymmetric FGR4. These features develop as a result of impaired placentation with 
defective trophoblast invasion4 and activation of placental cellular stress pathways5,19. To verify reproducibility 
of these findings, we established congenic timed pregnancies of control (WKY) or SHRSP animals and 
characterized disease progression by assessing maternal signs and fetal growth parameters. As shown in Fig. 1b, 
SHSRP showed a progressive worsening of the hypertensive condition towards term, displaying a significantly 
increased systolic blood pressure on GD14 (168.2 ± 16.7 vs.154.7 ± 10.2 mmHg, p ˂  0.01) compared to baseline 
records. Further analyses of urine samples collected on GD20 revealed a significant decrease of the creatinine 
clearance rate in SHRSP compared to controls (1.70 ± 0.08 vs. 1.32 ± 0.04 ml/min, p > 0.01, Fig. 1c left panel). 
Moreover, although no differences were observed in proteinuria (Fig. 1c, right panel), histological assessment of 
maternal kidneys demonstrated structural alterations (i.e., glomerular enlargement) and a significant decrease 
of podocin expression in SHRSP (Fig.  1d), indicative of glomerular damage. Morphometrical assessment of 
GD20 fetal specimens verified the FGR phenotype in SHRSP, as noted by the significantly decreased fetal weight 
compared to controls (1.98 ± 0.03 vs. 2.20 ± 0.04  g, p > 0.0001) and increased proportion of specimens with 
weight below the 10th percentile (Fig. 1e). Thus, we verified the SPE phenotype in SHRSP pregnancies4,6, which 
manifests as a progressive worsening of the hypertensive condition starting on GD14 and is associated with 
defective vascular remodeling in the placental bed4.

Next, to characterize the maternal phenotype at the onset of disease, we assessed several clinical parameters 
in pregnant females on GD14, shown in Fig. 2. Urine analysis revealed no differences in creatinine clearance or 
urinary protein levels, and a significant decrease of the urine output in SHRSP dams (Fig. 2a). Circulating levels 
of Flt-1 in SHRSP pregnancies, as measured by ELISA, did not differ from control pregnancies (Fig. 2b). Finally, 
assessment of the number of implantations showed no differences between control and SHRSP animals, nor did 
the mothers show any differences in weight gain on GD14 (Fig. 2c). In summary, SHRSP dams show increased 
systolic blood pressure and decreased urine output compared to controls on GD14. No other differences in 
clinical parameters were observed, indicating that GD14 (referred to as disease onset) represents an adequate 
timepoint to study the gut microbiome during the pre-clinical stage in this model.

Onset of disease in SHRSP is characterized by a distinct microbial signature and decreased 
diversity of the bacterial community
After characterizing maternal clinical parameters, we next examined the GD14 fecal microbiota to identify the 
specific microbial profile associated with disease onset in our model. 16S rRNA amplicon sequencing revealed 
marked differences in the SHRSP fecal microbiome as compared to controls. This was evidenced by a significantly 
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Fig. 2.  Analysis of the SPE phenotype in control and SHRSP dams on GD14. (a) Assessment of biochemical 
markers of renal function including creatinine clearance, urine output and urinary protein content measured 
over a 24-h period. (b) Serum Flt-1 concentrations, as determined by ELISA. (c) Number of implantations per 
mother and maternal weight gain. Data shown are mean values ± SEM derived from 6–11 rats per group each 
analyzed in duplicate. *p < 0.05, **p < 0.01 as assessed by Student’s t-test or Mann–Whitney U test.

 

Fig. 1.  Characterization of the SPE phenotype in the SHRSP model. (a) Model description and summary 
of experimental design (b) Maternal systolic blood pressure (SBP) profile. Data are mean ± SD of 8–10 
animals/GD analyzed. Abbreviations: Pre, pre-mating (baseline) (c) Biochemical evaluation of renal 
function parameters on GD20, including creatinine clearance (left) and 24-h urinary protein content 
(right). Data shown are mean ± SEM derived from 6–11 rats per group each analyzed in duplicate. (d) 
Immunohistochemical assessment of podocin expression. Scale bar: 50 µm. Data are medians (dashed line) 
and minimum–maximum, n = 5–6 samples/group analyzing 40–100 glomeruli using QuPath. (e) Fetal weight 
frequency distribution, analyzed on GD20. The diagram shows the best-fit Gaussian curve for each group, 
resulting from the analysis of 82–88 fetal specimens corresponding to 8–6 litters per group. Dashed line: 10th 
percentile for the control group. Inset shows representative images of fetal and placental specimens for each 
group (scale: 5 mm). *p < 0.05, **p < 0.01, ***p < 0.001 as determined by two-way ANOVA and Tukey post hoc 
test (b) or Mann–Whitney U test (c,d).
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higher relative abundance of Prevotella (SHRSP 0.32 ± 0.03 vs. Control 0.08 ± 0.01, p < 0.001) and lower relative 
abundance of UCG-005 (an unclassified genus of Oscillospiraceae, SHRSP 0.011 ± 0.003 vs. Control 0.17 ± 0.03, 
p < 0.01) (Fig. 3a), as well as a lower Firmicutes:Bacteroidetes ratio (Fig. 3b). Alpha diversity (Shannon index) in 
the feces of SHRSP dams was lower on GD14 than in control animals (Fig. 2c), and principal component analysis 
(Beta diversity, Bray–Curtis dissimilarity index) revealed that the fecal microbiome of SHRSP had a large shift in 
the gut microbial community composition (Fig. 3d). These results show that at disease onset on GD14, SHRSP 
dams show a distinct profile of the gut microbiome, which displays a lower Firmicutes: Bacteroidetes ratio and is 
less diverse compared to controls.

Increased fecal SCFA concentrations at disease onset in the SHRSP correlate mildly with 
maternal signs
To characterize the microbial signature associated with disease onset at the functional level, we next assessed 
SCFA concentrations in the feces of control and SHRSP dams on GD14. As shown in Fig. 4a, acetate, propionate 
and valerate were significantly increased in SHRSP pregnancies compared to controls. Since there are known 
associations between PE, hypertension and gut bacterial metabolites, we next performed a correlation analysis to 
determine if these alterations in SCFA metabolism were associated with any of the clinical parameters measured 
in pregnant rats on GD14. Figure  4b demonstrates mild to moderate significant correlations of particular 
SCFAs with clinical parameters. We observed a positive correlation of valerate levels with systolic blood 
pressure (rs = 0.472, p ˂  0.05). Additionally, propionate (rs = − 0.472, p < 0.05), butyrate (rs = − 0.557, p < 0.01) 
and valerate (rs = − 0.424, p < 0.05) all showed a significant negative correlation with urinary protein content, 
whereas propionate also correlated negatively with urine output (rs = − 0.539, p < 0.01).

Correlation of specific enriched and depleted taxa in the SHRSP model with maternal signs 
and fecal SCFA concentrations
In order to identify the specific microbial signature of the SHRSP gut in the preclinical stage and understand its 
association with the development of maternal SPE signs, we next examined bacterial clades that were significantly 
enriched or depleted in SHRSP when compared with controls. We found that the relative abundance of Prevotella, 
Bifidobacterium, unclassified genera of Prevotellaceae and Firmicutes as well as Parasutterella and Roseburia were 
significantly increased in SHRSP feces on GD14, shown in Fig. 5a. Regarding depleted clades in these animals, 

Fig. 3.  Assessment of the GD14 fecal gut microbiota in control and SHRSP dams. (a) Taxonomic bar plots 
showing the relative abundance of 16S rRNA amplicon frequencies in the feces. White space on top of a bar 
represents lower-abundance taxa. Each bar represents one rat. (b) Firmicutes:Bacteriodetes ratio. (c) Alpha-
diversity (Shannon Index). (d) Principal component analysis representing the beta diversity of the fecal 
bacterial communities. Data shown are mean values ± SEM derived from six to eleven rats per group each 
analyzed in duplicate. *p < 0.05 as assessed by Student’s t-test or Mann–Whitney U test of control versus 
SHRSP animals.
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we observed significantly lower relative abundance of CAG-352 (Ruminococcaceae), UCG-005 (an unclassified 
genus of Oscillospiraceae), Blautia, Faecalibacterium and Ruminococcus, shown in Fig. 5b.

We next performed Spearman R correlation analyses to determine the association between the enriched and 
depleted taxa with maternal signs and fecal SCFA levels. Figure 5c shows the correlation coefficients (Spearman 
rs) between specific taxa and maternal signs. The relative abundance of Prevotella (rs = 0.492, p < 0.01) and 
Bifidobacterium (rs = 0.682, p < 0.001) showed a strong positive correlation with systolic blood pressure. These 
enriched genera, along with unclassified Prevotellaceae correlated negatively with the kidney function parameters 
creatinine clearance and urine output. The stronger negative associations were observed between Prevotella 
and urine output (rs = − 0.504, p ˂  0.01) and unclassified Prevotellaceae with creatinine clearance (rs = − 0.611, 
p ˂  0.001). On the other hand, several of the genera that were depleted in SHRSP correlated negatively with 
systolic blood pressure and positively with kidney function parameters in pregnant rats. For example, the relative 
abundance of genus UCG-005 (rs = − 0.827, p ˂  0.001), unclassified Oscillospiraceae (rs = − 0.768, p ˂  0.001), 
and the genera Blautia (rs = − 0.619, p ˂  0.001) and Faecalibacterium (rs = − 0.609, p ˂  0.001) showed a strong 
negative correlation with systolic blood pressure. A strong positive correlation was observed between the 
relative abundance of CAG-352 and urine output (rs = 0.689, p ˂  0.001) and also Faecalibacterium and creatinine 
clearance (rs = 0.583, p ˂  0.001). Of note, several of the genera depleted in SHRSP including CAG-352, the 
unclassified Oscillospiraceae, UCG-005, Blautia and Faecalibacterium showed a mild positive correlation with 
maternal weight gain.

As for fecal SCFA levels, we observed a strong positive correlation between bacterial genera enriched in the 
SHRSP gut and concentrations of acetate, propionate and valerate (Fig. 5d). For instance, acetate and propionate 
levels correlated significantly with the relative abundance of Prevotella (rsacetate = 0.582, rspropionate = 0.571, p ˂  0.01), 
unclassified Prevotellaceae (rsacetate = 0.546, rspropionate = 0.609, p ˂  0.01) and Bifidobacterium (rsacetate = 0.480, 
rspropionate = 0.499, p ˂  0.05). Interestingly, the stronger positive correlations were found between fecal valerate 
concentrations and the top-enriched taxa Prevotella (rs = 0.574, p ˂  0.01), Bifidobacterium (rs = 0.664, p ˂  0.01) 
along with unclassified genera of Prevotellaceae (rs = 0.586, p ˂  0.01) and Firmicutes (rs = 0.624, p ˂  0.01). In 
contrast, most genera that were depleted in the SHRSP gut compared to controls showed a negative correlation 
with fecal concentrations of acetate, propionate and valerate. The stronger associations were between CAG-352 
and acetate (rs = − 0.571, p ˂  0.01), propionate (rs = − 0.718, p ˂  0.001) and valerate (rs = − 0.593, p ˂  0.01); and 
between Ruminococcus and valerate (rs = − 0.592, p ˂  0.01).

Discussion
In this study, we show that the SHRSP model displays a distinct gut microbial signature along with altered SCFA 
metabolism compared to control pregnancies on GD14, a time point that marks the pre-clinical stage of SPE 

Fig. 4.  Analysis of fecal SCFA concentrations in control and SHRSP pregnancies. (a) Concentrations 
of acetate, propionate, butyrate and valerate. Assessed by Student’s t-test or Mann–Whitney U test. (b) 
Correlation heatmap reporting the comparison of SCFA concentrations with clinical parameters. The bar on 
the right shows the Spearman correlation coefficients. Significant p values for pairs of samples in the matrix 
are shown using white asterisks. Assessed by Spearman’s rank correlation. Data shown are mean values ± SEM 
derived from five to eight rats per group each analyzed in duplicate. *p < 0.05, **p < 0.01.
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progression and is known to be coincident with defective placentation processes4,6. Our analyses revealed that 
disease onset in this model (characterized by mild alterations in renal function), was associated with marked 
differences in the gut bacterial community that correlate strongly with the future clinical manifestations of 
the syndrome. The GD14 fecal microbiome from the SHRSP group had a lower alpha diversity and decreased 
Firmicutes:Bacteriodetes ratio compared to the control group. At the genus level, SHRSP dams showed a distinct 
profile with enrichment of Prevotella, Bifidobacterium, Parasutterella and Roseburia compared to controls, 
showing a strong correlation with clinical parameters and fecal SCFA concentrations. On the other hand, genera 
CAG-352 (family Ruminococcaceae), UCG-005 (family Oscillospiraceae), Blautia and Faecalibacterium that were 
abundant in control pregnancies, were found to be largely depleted from the SHRSP microbiome at onset of 
disease.

Cumulative evidence supports a role for gut microbial dysbiosis in the pathogenesis of hypertension8,20–22 
and hypertensive disorders of pregnancy including PE10,23–25. In PE patients specifically, gut dysbiosis is 
characterized by decreased alpha diversity, and at the phylum level, depletion of Firmicutes and increased 
abundance of Proteobacteria, Bacteroidota and Actinobacteria25,26. These differences were largely mirrored by 
the lower diversity and the top enriched and depleted genera we observed in pregnant SHRSP compared to 
control animals, further validating this strain as a preclinical model that reproduces pathogenic traits present 
in preeclamptic pregnancies. As we have characterized the SHRSP gut microbial signature at the pre-clinical 
stage before the establishment of major maternal signs, our finding may have important implications for the 
assessment of high-risk human pregnancies with preexisting hypertension.

Fig. 5.  Analysis of the top twelve enriched and depleted genera measured in feces from GD14 control and 
SHRSP dams. (a) Relative abundance of the top six enriched genera: Prevotella, Bifidobacterium, Prevotellaceae-
unclassified, Firmicutes, Parasutterella and Roseburia. (b) Relative abundance of the top 6 depleted genera: 
CAG-352 (family Ruminococcaceae), Oscillospiraceae-unclassified, UCG-005 (family Oscillospiraceae), Blautia, 
Faecalibacterium and Ruminococcus. (c) Correlation heatmap comparing bacterial relative abundance with 
clinical parameters. The bar on the right shows the Spearman correlation coefficients. Significant p values for 
pairs of samples in the matrix are shown using white asterisks. (d) Spearman correlation analysis of bacterial 
relative abundance with fecal SCFA concentrations. RA relative abundance, Unc unclassified. Data shown are 
mean values ± SEM derived from six to eleven rats per group each analyzed in duplicate. *p < 0.05 **p < 0.01, 
***p < 0.001. (a,b) Assessed by Student’s t-test or Mann–Whitney U test. (c,d) Assessed by Spearman’s rank 
correlation.

 

Scientific Reports |        (2024) 14:32137 6| https://doi.org/10.1038/s41598-024-83981-5

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Among the top enriched bacteria, the SHRSP gut environment appeared to be dominated by the genus 
Prevotella. A Prevotella-dominated enterotype has been described in patients with hypertension8, and intestinal 
expansion of this genus has also been associated with the inflammatory response driving the pathogenesis 
of rheumatoid arthritis27. More recently, enrichment of Prevotella in the vaginal microbiome was reported 
associated with elevated systemic TNFa levels in patients with severe PE28. Species of Prevotella (i.e., P. intermedia, 
P. nigrescens) are also involved in the pathogenesis of periodontal disease, which is a well-documented risk factor 
for adverse pregnancy outcomes including PE29–31. The mechanism underlying this association involves an 
exaggerated placental and systemic inflammatory response caused by the hematogenous spread of periodontal 
pathogens and their byproducts32,33. Since Spontaneously Hypertensive Rats (SHR, the parental strain for the 
SHRSP model) are known to have barrier dysfunction due to decreased expression of intestinal tight junction 
proteins34, and recent studies suggest a role for intestinal leakage and bacterial translocation in promoting PE 
in pregnant mice35, our findings argue that bacterial components derived from the dysbiotic maternal gut may 
contribute to SPE pathogenesis in the SHRSP model. As for the depleted OTUs in SHRSP pregnancies, the 
most representative were genera of the phylum Firmicutes (UCG-005, Blautia and Ruminococcus) well-known 
for their capacity to produce anti-inflammatory SCFAs, which have been reported as protective bacteria in 
hypertension8,20,36 and PE10,25,26. Interestingly, the bacteria that were depleted in SHRSP pregnancies appeared 
to have a stronger correlation with clinical parameters than enriched genera. This indicates that enrichment of 
particular bacterial species in the gut or supplementation of specific metabolites produced by these taxa may 
represent a promising approach for prevention in women at risk for SPE.

Conflicting results exist regarding particular OTU that were reported as enriched or depleted in our model 
when compared with previous studies in human subjects. For instance, depletion of Prevotella was reported 
in the gut microbiome of early-onset PE at antepartum10, and reduced abundance of genus Bifidobacterium 
was reported by two independent studies comparing the gut microbial signature of healthy pregnancy vs. PE 
patients37 or severe PE patients25 during the third trimester. Moreover, although Chang et al25 reported depletion 
of Blautia in PE like in the present study, the study by Miao et al. found an increased abundance of this genus as 
well as Ruminococcus in PE37. Several studies have reported a depletion of Akkermansia in PE subjects suggesting 
a protective effect of this genus10,35,38,39, but we found no evidence of its involvement in the microbial signature 
associated with the onset of disease in our model. These discrepancies may be explained on the one hand by 
differences in gestational age as unlike our study, the majority of human studies have been conducted during 
the third trimester when the maternal syndrome is fully established. On the other hand, they may reflect the 
heterogeneity of the PE syndrome in terms of molecular pathways, symptoms, and clinical outcomes40, which 
is one of the main limitations for early and accurate diagnosis. Indeed, it is plausible that rather than being 
promoted by a particular core set of OTUs associated with disease, there is some degree of functional redundancy 
in the microbiome driving PE progression.

An interesting finding in our study was the higher fecal SCFA concentrations observed on GD14 in SHRSP 
pregnancies compared to control animals, which may be a direct consequence of increased production by the 
microbial taxa enriched in the maternal gut. For instance, Prevotella and Parasutterella are known for their 
ability to metabolize dietary fiber and produce acetate41 and succinate41,42, which is a precursor for propionate 
biosynthesis. Increased fecal SCFA levels have been reported in human studies of hypertension36,43,44 and also in 
animal models45,46, often showing an opposite trend with SCFA measurements in circulation. Efficient colonic 
absorption of SCFA results in less than 5% being excreted in the feces, and it has been suggested that fecal 
measurements are more representative of intestinal SCFA uptake than production47. Thus, the higher fecal 
SCFA levels observed in SHRSP likely reflect poor intestinal absorption related to the hypertensive condition, 
as supported by previous studies demonstrating a marked decrease in the colonic expression of the SCFA 
transporters Scl5a8/SMCT1, MCT1 and MCT446,48,49 in the SHR gut. Indeed, observations in prehypertensive 
SHR and angiotensin II infused rats suggest that pathological changes in the gut including increased permeability, 
altered tight junction expression and inflammation associated with enhanced sympathetic input to the gut wall 
play an important role in the development of hypertension34. In this context, inefficient intestinal absorption of 
SCFA in the SHRSP model may account for the finding that, unlike specific bacterial taxa, SCFA concentrations 
showed a weak correlation with the clinical parameters assessed in our study.

Blood pressure regulation by SCFAs results from the engagement of G-protein-coupled receptors present 
in the vasculature50, with GPR41 and GPR43 being responsible for the vasorelaxant effect of the major SCFAs 
acetate, propionate and butyrate. Reduced expression of these receptors is associated with arterial stiffness, and 
has been reported in mesenteric resistance arteries in SHR49, suggesting that impaired vascular SCFA signaling 
may contribute to hypertension in this model. Notably, of the SCFAs analyzed in our study valerate showed 
the stronger correlation with enriched microbial taxa and a mild but significant positive correlation with SBP 
measurements. Little is currently known about the biology of this SCFA and while its fecal concentrations 
were low in this study, it has been reported that rapid valerate absorption in the colon results in serum levels 
comparable to propionate and butyrate51,52. Interestingly, valerate has been shown to reprogram lymphocyte 
metabolism in vivo and induce IL10 production by CD4+ T and B regulatory cells53, which may be relevant 
to the maintenance of fetomaternal tolerance during pregnancy. Considering these evidences, together with 
studies showing a marked reduction in fecal valerate levels in PE patients25 and animal studies demonstrating 
a significant decrease of blood pressure via GPR41/43 signaling upon colonic infusion of sodium valerate52, 
research on the role of this particular SCFA in hypertensive disorders of pregnancy should be encouraged.

Given the weak correlation of SCFA levels with clinical SPE signs, it is also possible that other bacterial 
metabolites from the dysbiotic SHRSP gut promote SPE in this model. For instance, Prevotellaceae are also 
known to produce trimethylamine (TMA)54, which in its N-oxidized form (TMAO) shows a pro-atherogenic 
effect that is considered an important risk factor for cardiovascular disease55. Elevated circulating TMAO 
has been reported in PE patients, showing a positive correlation with markers of systemic inflammation and 
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endothelial dysfunction26,56. Interestingly, increased TMAO was recently reported to mediate hypertension and 
endothelial dysfunction in RUPP rats57, in which PE signs develop as a result of surgical induction of placental 
ischemia. Considering reports in the SHR showing an increased gut permeability to TMA58, involvement of this 
metabolite in the development of SPE and its association with impaired spiral artery remodeling as observed in 
the SHRSP model4 merits further investigation.

The maternal gut microbiome undergoes substantial changes during a normal pregnancy, showing a 
progressive reduction in alpha diversity towards term and enrichment in Proteobacteria, Actinobacteria and 
lactate producers so that the profile becomes more resemblant of the dysbiosis associated with obesity and 
cardiometabolic disease17. This pregnancy-specific remodeling of the gut microbiome occurs in a physiological 
context and appears to contribute to the hormonal, metabolic and immune adaptations required for normal 
placental development and fetal growth. A limitation of the present study is that we did not assess the SHRSP 
microbiome in the non-pregnant status, which limits our ability to discern the microbial alterations related to the 
pre-existing hypertension from those specific of the pregnant status. Nevertheless, our findings at disease onset 
in the SHRSP together with observations on the Dahl S rat (another model of pre-existing hypertension with 
SPE59) suggest that the gut dysbiosis associated with the hypertensive status may interfere with the physiological 
remodeling of the maternal microbiome necessary for a healthy gestation. Furthermore, since Bacteroidetes 
are a major contributor to the LPS biosynthesis pathway, another potential mechanism by which the dysbiotic 
profile associated with chronic hypertension may favor the development of PE is through increasing the systemic 
inflammatory burden in the non-pregnant status. This would create a high-risk niche sensitive to further 
perturbations resulting from aberrant immune interactions during placental development, ultimately amplifying 
the inflammatory cascade leading to endothelial dysfunction and maternal manifestations of the disease.

In summary, our study characterized the gut microbial signature associated with PE onset in the SHRSP 
model, showing an enrichment in Prevotella, Bifidobacterium, Parasutterella and Roseburia and increased 
fecal concentrations of the SCFA acetate, propionate and valerate. Since these alterations were present in the 
preclinical stage of the syndrome and showed a strong correlation with maternal signs, we speculate that further 
assessment of the microbial signature and its associated metabolites could potentially contribute to improve PE 
diagnosis. Furthermore, the SHRSP and other spontaneous preclinical models of PE represent useful tools to 
study the impact of the microbiome at each stage of pregnancy with regard to placental function and offspring 
health outcomes, contributing to a better understanding of the so-called gut-placenta axis. Recent studies 
have demonstrated the involvement of gut microbial signals in the modulation of several processes related to 
placental development and function including trophoblast invasion38,60, spiral artery remodeling38, branching 
morphogenesis and nutrient transporter expression61. In this context, since the distinct gut microbial signature 
identified in this study coincides with major defects in trophoblast differentiation, spiral artery remodeling 
and activation of placental oxidative stress pathways that we previously reported in SHRSP pregnancies4,5, we 
anticipate that in an depth characterization of the gut-placenta axis in this model, including assessment of other 
bacterial metabolites as well as their receptors, will provide important clues on the role of microbiome-derived 
signals in driving placental development and promoting PE in high-risk pregnancies.

Methods
Ethical approval
All experiments were conducted according to the National Institutes of Health Guide for the Care and Use 
of Laboratory Animals and reported in compliance with ARRIVE guidelines. The study was approved by the 
Institutional Animal Care Committee (CICUAL, Facultad de Medicina, Universidad de Buenos Aires).

Experimental design and disease model
Female SHRSP (SPE—model) and Wistar Kyoto (WKY—Control) rats that were 10–12 weeks old, weighing 
200–250 g, were mated to congenic males and checked daily for vaginal plugs, denoted as gestation day GD1. 
During the experiment, pregnant females of each strain were co-housed in groups of up to 4 rats per cage with 
access to food and water ad libitum. On GD14, dams were placed individually in clean empty cages for collection 
of freshly excreted fecal samples, which were flash frozen in liquid nitrogen and stored at − 80 °C until further 
analysis.

Determination of the SPE phenotype
Blood pressure determination
Systolic blood pressure (SBP) profiles were determined in conscious rats restrained in a thermal plastic chamber 
using a tail-cuff device (CODA 2—Kent Scientific), as described previously6. Measurements were performed 
in the morning with an acclimation of five cuff inflations, followed by 20 measurement cycles. Values were 
averaged and rare outliers (± 2 SD from the mean) were eliminated. SBP was expressed as the mean from at least 
10 remaining values.

Biochemical determinations in serum and urine samples
Pregnant females were housed individually in metabolic cages on the morning of GD13 or GD19 and urine 
samples were collected over a 24-h period with food and water provided ad libitum. After recording urinary 
output and maternal body weight, urine samples were stored at − 20 °C for future analysis. Blood samples were 
collected from the abdominal aorta under anesthesia (thiopental sodium 40 mg/kg body weight, i.p.) prior to 
euthanasia by intracardiac anesthetic overdose for tissue collection. Urine and serum samples were assayed for 
creatinine content using the enzymatic ultraviolet method (Randox Laboratories), and urinary protein (24 h 
proteinuria) was determined by a standard turbidimetric assay. Creatinine clearance was calculated according 
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to the standard formula as described previously4. Serum samples were assayed for Flt-1 concentrations using a 
commercial ELISA kit (#MVR100, R&D Systems).

Histological assessment of renal damage
Kidney damage was determined by evaluating the expression of the podocyte marker podocin following a 
standard immunoperoxidase protocol, as described previously6. Briefly, 4-µm sections were deparaffinized, 
rehydrated and incubated for 30 min in 3% H2O2 in PBS for quenching of endogenous peroxidase activity. The 
sections were then washed in PBS (pH 7.2) for 20 min, followed by incubation with blocking serum for 20 min. 
The primary antibody (podocin, sc-21009, Santa Cruz Biotechnology; 1:200) was incubated for 1 h at room 
temperature. Following incubation with a biotinylated universal antibody (SS Multilink, Biogenex) for 30 min, 
the signal was detected using a liquid diaminobenzidine (DAB) Substrate Chromogen System (cat. #K3467, 
DAKO). After washing, nuclei were counterstained with 0.1% Mayer’s hematoxylin, followed by a standard 
dehydration procedure and mounting in a DPX histology medium (Millipore-Sigma). Photo documentation 
was performed using a Nikon E400 microscope and podocin expression was determined as the DAB-positive 
glomerular area fraction using the thresholder algorithm of QuPath v0.4.4 software62.

Assessment of fetal phenotype
Fetoplacental specimens were collected from euthanized GD14 rats, and the number of viable and resorbed 
implantation sites was recorded. GD14 specimens were stored phosphate-buffered 10% formaldehyde (pH 7.2) 
for further analyses.

The FGR phenotype was assessed morphometrically on GD20. Briefly, following collection of amniotic fluid, 
the amnion was dissected to expose the fetuses and placentas, which were fixed in phosphate-buffered 10% 
formaldehyde (pH 7.2). Fetal weight was recorded from the fixed specimens as described previously6.

Molecular analysis of the fecal microbiome and SCFAs
16S rRNA sequencing
Gut microbiome profiles from GD14 rat feces were assessed by MiSeq 16S rRNA sequencing of V4 amplicons 
using the following procedure. Pooled DNA samples were sent to Microbiome Insights (Vancouver, Canada) 
for sequencing and analysis. The 16S ribosomal RNA genes (V4 region) was sequenced on an Illumina MiSeq 
(v. 2 chemistry) using the dual barcoding protocol of Kozich et al.63. Primers and PCR conditions used for 16S 
sequencing are identical to those of Kozich et al.63. Bacterial Raw Fastq files were quality-filtered and clustered 
into 97% similarity operational taxonomic units (OTUs) using the mothur software package (v. 1.44.1)64, 
following the recommended procedure (https://www.mothur.org/wiki/MiSeq_SOP; accessed March 2021). 
Paired-end reads were merged and curated to reduce sequencing error65. Chimeric sequences were identified and 
removed using UCHIME66. The curated sequences were assigned to OTUs at 97% similarity using the OptiClust 
algorithm67 and classified to the deepest taxonomic level that had 80% support using the naive Bayesian classifier 
trained on the Silva data base (v132).

SCFA analysis
Fecal SCFA content was analyzed using gas chromatography (HP 5890 series II—Hewlett Packard) coupled to 
a flame ionization detector. After dilution and centrifugation of the feces, the supernatant was mixed with 1 M 
NaOH, 0.36 M HClO4 and 2-ethylbutyric acid as an internal standard. After overnight lyophilization, the pellet 
was redissolved in 5 M formic acid and 400 µl acetone, centrifuged and 1 ml of the supernatant was injected into 
the gas chromatograph.

Microbiome biostatistical analyses
Alpha diversity was calculated using Shannon’s diversity index on raw count ASV table after filtering out 
contaminants using the Phyloseq R package68. The significance of diversity differences was tested with one-way 
ANOVA with Tukey’s post hoc test (diversity value ~ Group). OTU abundances were summarized with the Bray–
Curtis index and a principal coordinate analysis (PCoA) was performed to visualize microbiome similarities. 
Variation in microbial diversity was assessed with permutational multivariate analyses of variance (adonis in 
R) with group as factors using 9999 permutations for significance testing. Differential abundance testing was 
performed using Deseq2 method69. Significant taxa was determined by the adjusted p-value (FDR < 0.05) and 
the absolute log2 fold change (value > 2). All analyses were conducted in the R environment (R-Core-Team, 
2019). Data were plotted using the ggplot2 R package70.

Statistical analysis
The normal distribution of samples was assessed using a Shapiro–Wilk normality test. Student’s t-test or Mann 
Whitney U tests were used to analyze normal and skewed data respectively. Correlation analysis was performed 
using Spearman’s rank correlation. Graphing and statistical tests were performed using the software GraphPad 
Prism 9.

Data availability
The data that support the findings of this study are available from the corresponding author upon reasonable 
request. Sequencing data are deposited under BioProject accession number PRJNA1176534 ​(​​​h​t​t​p​:​/​/​w​w​w​.​n​c​b​i​.​n​
l​m​.​n​i​h​.​g​o​v​/​b​i​o​p​r​o​j​e​c​t​/​1​1​7​6​5​3​4​​​​​)​.​​
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