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Pharmacologic and endotoxic
reprogramming of renal
vasodilatory, inflammatory, and
apoptotic blemishes in weaning
preeclamptic rats
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Preeclampsia (PE) and peripartum sepsis are two complications of pregnancy and are often associated
with disturbed renal function due possibly to dysregulated renin angiotensin system. Here we
evaluated hemodynamic and renal consequences of separate and combined PE and sepsis insults

in weaning mothers and tested whether this interaction is influenced by prenatally-administered
losartan (AT1-receptor blocker) or pioglitazone (PPARy agonist). The PE-rises in blood pressure

and proteinuria induced by gestational nitric oxide synthase inhibition (L-NAME, 50 mg/kg/day for

7 days) were attenuated after simultaneous treatment with losartan or pioglitazone. These drugs
further improved glomerular and tubular structural defects and impaired vasodilatory responses
evoked by adenosinergic (N-ethylcarboxamidoadenosine) or cholinergic (acetylcholine) receptor
activation in perfused kidneys of weaning dams. Likewise, treatment of weaning PE dams with a
single 4-h dosing of lipopolysaccharides (LPS, 5 mg/kg) weakened renal structural damage, enhanced
renal vasodilations and accentuated the upregulated vasodilatory response set off by losartan or
pioglitazone. Molecularly, the favorable effect of pharmacologic or endotoxic intervention was
coupled with dampened tubular and glomerular expressions of inflammatory (toll-like receptor 4) and
apoptotic signals (caspase-3). Our data unveil beneficial and possibly intensified conditioning effect
for endotoxemia when combined with losartan or pioglitazone against preeclamptic renovascular
dysfunction and inflammation.
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Preeclampsia (PE) and sepsis are common causes of pregnancy-related acute kidney injury and share similar
pathophysiological features"?. PE is a life-threatening pregnancy-related condition that complicates 2-8% of
all pregnancies® and is defined as new-onset hypertension after 20 weeks of gestation together with proteinuria
and probably other clinical features of multiple organ damage such as uteroplacental dysfunction, hepatic
impairment, renal insufficiency and hematological and neurological complications?. Notably, features of renal
injury like endothelial dysfunction, proteinuria and glomerular endotheliosis have been demonstrated in some®
but not in all® sps:id::bib97 HYPERLINK "sps:refid::bib6" 6reported studies. Evidence also suggests that the mild
inflammatory response that naturally accompanies uncomplicated pregnancies is considerably intensified and
prolonged following PE due possibly to gigantic upregulation of inflammatory cytokine and chemokine cascades.
The latter are blamed for the ensuing placental ischemia and pathophysiologic complications that occur during
PE”8. Additionally, the correlated preeclamptic rise in the number of peripheral monocytes and their activity
is sought to play a key role in the developed and maintained inflammation’. Although the normalization of
preeclamptic phenotype usually occurs after delivery, PE remains as an imprint predisposing mother to long-
term consequences that may reveal far beyond birth!°.
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Like PE, maternal sepsis is another prevalent cause of maternal fatalities worldwide!! with more than 75,000
annual maternal deaths!? Sepsis is defined as a life-threatening organ dysfunction caused by dysregulated
inflammatory response to infection'® which can progress to endotoxic shock, a syndrome characterized by
hypotension, poor tissue perfusion and multiple system organ failure such as acute renal failure and vascular
hyporeactivity!4-'¢. Endotoxin or lipopolysaccharides (LPS), a major component of gram-negative bacterial
membrane, is one of the experimental models that imitate the inflammatory reaction seen in sepsis'*'”18. LPS
incites the innate immune system via interaction with toll-like receptor-4 (TLR-4)'°. PE and sepsis share several
similarities in their inflammatory milieus, including strong activation of the innate immune system and the
production of pro-inflammatory cytokines like IL-6 and TNF-a. Also, both pathologies involve endothelial
dysfunction, oxidative stress, and key immune cells such as monocytes and macrophages**~2%. Moreover, TLRs
play a key role in dysregulating the immune response and inciting inflammation in both endotoxemia®* and
PE®.

The dysregulated renin angiotensin system (RAS) plays a pathogenic role in both PE and endotoxemia.
Angiotensin II (Ang II) vasocontriction is reduced during normal pregnancy, but dramatically increases in
PE?S. The upregulation of vascular AT1 receptors elevates peripheral vascular resistance and blood pressure,
despite the suppression of the renin-angiotensin-aldosterone system?”-2%. Further, the blockade of angiotensin
AT1 receptors diminishes the PE-associated proteinuria, hypertension, and reduced pup weights?>*°. On the
other hand, sepsis is associated with elevated Ang II and depressed AT1 receptor expression, vascular Ang
IT responsiveness, blood pressure and vascular resistance’*2. Moreover, systemic administration of LPS in
rodents aberrantly modulates the renal RAS, which may contribute to the deleterious effects of endotoxemia
on the kidneys while blood pressure response to exogenous Ang II is markedly reduced®-%. Away from its
vasoconstrictor properties, RAS activation provokes oxidative stress, endothelial dysfunction, and renal
failure’”*® where the pharmacologic suppression of RAS is reported to reduce proinflammatory cytokines and
improve cardiovascular function and survivability in sepsis®*’. To date, current approaches for PE management
include antihypertensives, anticonvulsant (magnesium sulfate) to prevent eclamptic seizures, antenatal aspirin
in high-risk females and corticosteroids in females (< gestational week 34) to promote fetal lung development*!.
For sepsis, key therapeutic interventions involve administration of antibiotics, restoration of tissue perfusion via
fluid resuscitation while concurrently stabilizing the cardiac and respiratory systems*2.

Despite extensive research on PE and postpartum sepsis as individual entities, little information is available
about the renal interaction between these two diseases and possible management. The investigation of these
issues is important given the strong relationship between inflammatory milieus of sepsis and PE** and the
increased incidence of pathologies like septic pelvic thrombophlebitis in preeclamptic mothers**. Therefore,
the current study addresses two main questions: (i) What are the individual and joint hemodynamic, renal, and
inflammatory consequences of PE and postpartum endotoxemia in weaning mothers? (ii) Are these anomalies
favorably impacted by antenatal exposure to the AT1 receptor blocker losartan or the PPARy agonist pioglitazone?
PE was induced by daily administration of the nitric oxide synthase (NOS) inhibitor L-NAME during the last
week of gestation®>*, endotoxemia was induced by a single i.p. dose of LPS (5 mg/kg) in preeclamptic weaning
mothers!®. Renal and molecular investigations were undertaken to evaluate the impact of antenatal therapies
on renovascular derangements elicited by PE alone or combined with endotoxemia. Notably, PPAR agonists
are believed to favorably modulate the RAS-mediated control of renal homeostasis?” and nullify cardiovascular
features of PE*-,

Results

Gestational losartan or pioglitazone relieves preeclamptic hypertension and proteinuria

The non-invasive tail-cuff plethysmography method was utilized to monitor blood pressure of pregnant and
weaning mothers. Figure 1A shows that compared with control (non-PE, n=_8) values, daily injection of pregnant
dams with L-NAME (50 mg/kg/day, n=8) for 7 consecutive days caused significant (p <0.0001) rises in SBP on
gestational day (GD16) and these effects were maintained on GD18 and GD20. The hypertensive response seen
in PE rats during gestation disappeared at weaning, i.e. 3 weeks post-labor, where SBP values were not statistically
different from those of non-PE dams (Fig. 1A, p=0.6510). Moreover, tail-cuff measurements demonstrated that
gestational treatment of PE rats with losartan (10 mg/kg, n = 8) or pioglitazone (5 mg/kg, n = 8) caused significant
(p=0.0171) reductions in PE-associated elevations in SBP on GD16, GD18, and GD20 (Fig. 1A). At weaning,
SBP of PE rats treated prenatally with losartan or pioglitazone was not significantly different from PE (p=0.5089
and 0.9987, respectively) or non-PE dams (p=0.9973 and 0.7194, respectively) (Fig. 1A).

The 24-h urine samples collected on GD 20 showed a threefold rise in urine protein levels in PE dams (282 + 32
mg/dl, n=9, p<0.0001) compared with non-PE counterparts (89 + 10 mg/dl, n=9). This proteinuric response in
PE rats was virtually eliminated following gestational treatment with losartan or pioglitazone (Fig. 1B, n=8-9,
P <0.0001 and 0.0003, respectively).

Effects of gestational losartan or pioglitazone on PE/LPS renovascular interaction

Isolated perfused kidneys of weaning rats were used to evaluate renal vasodilator responsiveness to cumulative
doses of ACh (0.01-7.29 nmol) and NECA (1.6-100 nmol). The aggregate effect of either vasodilator was assessed
by calculating AUCs of the vasodilatory dose-response curves. Compared with respective control (non-PE)
values (n=6), perfused kidneys of PE weaning mothers (n="7) showed upward shifts in dose-response curves
of ACh (Fig. 2A-B) that were associated with significant reductions in AUCs of the ACh vasodilatory response
(p<0.05, Fig. 2C). The depressant effects of PE on ACh vasodilations were reversed and near-normal ACh
responses were restored after 4-h challenging of weaning PE dams with a single dose of LPS (5 mg/kg, Fig. 2,
n=6), suggesting a postconditioning effect for postpartum endotoxemia. On the other hand, the vasodilator
responses elicited by cumulative bolus injections of NECA (1.6-100 nmol) were significantly enhanced in PE/
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Fig. 1. Time course effect of gestational L-NAME administration (50 mg/kg/day, orally) on systolic blood
pressure (SBP) in pregnant and 3-week weaning dams measured by tail cuff plethysmography method.

The effect of gestational losartan (LOS) (10 mg/kg/day, orally) or pioglitazone (PIO) (5 mg/kg/day, orally)
treatments on changes caused by PE insult are also shown (panel A). Urine protein levels measured at
gestational day 20 are shown in panel B. Values are expressed as means + S.E.M of 8-9 measurements. The
One-way ANOVA followed by the Tukey’s post hoc was utilized to measure statistical significance. *P <0.05 vs.
“non-PE” and *P <0.05 vs. “PE”.

LPS kidneys (n="7) but remained unaffected by individual interventions (PE or LPS, n=7 each, p=0.9852 and
0.9999, respectively) (Fig. 3).

Renovascular studies also showed that antenatal therapies of losartan or pioglitazone significantly increased
ACh (Fig. 2,n=6) and NECA (Fig. 3, n=7) vasodilations in perfused kidneys obtained from PE dams. Moreover,
the treatment with losartan or pioglitazone caused more exaggerated downward shifts in vasodilatory dose-
response curves and increases (P <0.05) in AUCs of NECA (Fig. 3, n="7), but not ACh (Fig. 2, n=6-7), in kidney
preparations obtained from LPS-treated PE dams.

Effects of gestational losartan or pioglitazone on renal TLR4/caspase-3 expression and serum
NO metabolites

Immunohistochemical studies were performed to assess the possible involvement of the inflammatory TLR-
4 and apoptotic caspase-3 signals in the renovascular PE/LPS interaction. The data in Fig. 4 showed that the
protein expression of both TLR4 and Caspase-3 in tubular tissues were significantly augmented by PE (n=5,
p=0.0096 and 0.0037, respectively) or LPS insult (n=5, p=0.0099 and 0.0099, respectively). Similar increases in
these signaling molecules in response to PE (p=0.0020 and 0.0002, respectively) or LPS (p=0.0006 and 0.0109,
respectively) were also observed in glomerular tissues (n=5, Fig. 5). With the exception of tubular TLR4, these
inflammatory and apoptotic signals incited by individual insults were mostly attenuated in dams exposed
to the double PE/LPS challenge (Figs. 4-5, n=5). Similarly, the PE-mediated rises in tubular (Figs. 4) and
glomerular (Figs. 5) TLR4 and caspase-3 expression were neutralized upon prenatal exposure to losartan (n=5)
or pioglitazone (n=5). Compared with control (non-PE) rats, serum levels of NO metabolites were significantly
increased after LPS treatment (p=0.0100) but remained unchanged in other rat groups (n =5, Fig. 6).
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Fig. 2. Effect of PE maternal programming on cumulative vasodilatory dose response curves of ACh (panel
A & B) and AUC:s of the ACh vasodilatory dose response curve (panel C) in phenylephrine preconstricted
perfused kidneys of 3 weeks postpartum weaning mothers measured 4 h. post intraperitoneal injection of
LPS (5 mg/kg) or equal volume of saline. The effect of gestational losartan (LOS) (10 mg/kg/day, orally) or
pioglitazone (PIO) (5 mg/kg/day, orally) treatments on changes caused by PE insult are also shown. Data are
expressed as the mean + SEM of 6-8 measurements. ANOVA followed by the Tukey’s post hoc was utilized to
measure statistical significance. *P <0.05 vs. “Control” and *P <0.05 vs. “PE”.

Effects of gestational losartan or pioglitazone on renal histopathological investigations

Histopathological examination of H&E-stained renal sections by light microscopy in weaning rats showed that
compared with non-PE renal tissues, PE kidneys exhibited a significant increase in glomerular size (Fig. 7A,
p<0.0001), glomerular capillary congestion (Fig. 7B, p=0.0003), capsular adhesions (Fig. 7C, p=0.0074),
Bowman space narrowing (Fig. 7D, p=0.0083) and focal mesangial proliferation (Fig. 7E, p=0.0135).
Alternatively, LPS significantly increased glomerular capillary congestion (Fig. 7B, p=0.0122), capsular
adhesions (Fig. 7C, p=0.0007) and tubular changes appearing as cloudy swelling (Fig. 7F, p=0.0088) only.
No changes were noted in interstitial inflammation (Fig. 7G) or congestion (Fig. 7H). Morphological changes
incited by PE or LPS insults were echoed by significant rises in the total histopathological score in Fig. 71. Most of
these morphological deformities improved following double PE/LPS challenge or prenatal exposure to losartan
or pioglitazone. Representative photomicrographs of these morphological findings are depicted in Fig. 8

Discussion

The current study investigated the reprogramming effect of prenatal exposure to losartan or pioglitazone on
hemodynamic and renovascular consequences of the PE/LPS challenge. The data showed that gestational
therapy with either drug nullified preeclamptic manifestations of hypertension, proteinuria, and impaired
renal vasodilation in weaning PE dams. The PE-provoked expression of inflammatory (TLR4) and apoptotic
(caspase-3) signals in renal glomerular and tubular tissues were also suppressed by losartan or pioglitazone. The
data suggests a protective effect for losartan and pioglitazone against renovascular dysfunction and interrelated
inflammatory and apoptotic insults induced by PE. We also report that challenging weaning PE dams with LPS
increased renal vasodilation, intensified the upregulated vasodilatory response evoked by gestational losartan or
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Fig. 3. Effect of PE maternal programming on cumulative vasodilatory dose response curves of NECA (panel
A & B) and AUC:s of the NECA vasodilatory dose response curve (panel C) in phenylephrine preconstricted
perfused kidneys of 3 weeks postpartum weaning mothers measured 4 h. post intraperitoneal injection of
LPS (5 mg/kg) or equal volume of saline. The effect of gestational losartan (LOS) (10 mg/kg/day, orally) or
pioglitazone (PIO) (5 mg/kg/day, orally) treatments on changes caused by PE insult are also shown. Data are
expressed as the mean + SEM of 6-8 measurements. ANOVA followed by the Tukey’s post hoc was utilized to
measure statistical significance. *P <0.05 vs. “Control”, *P <0.05 vs. “PE” and *P <0.05 vs. “LPS”.

pioglitazone, and suppressed TLR4/Caspase-3 expressions, indicating a conditioning effect for endotoxemia on
PE-evoked renovascular complications.

Several preclinical models have been developed to induce symptoms reminiscent of PE phenotype and
imitate the pathological changes observed in humans®!. In the current investigation, the daily injection of the
NOS inhibitor L-NAME into pregnant dams for 7 consecutive days increased SBP and proteinuria compared to
control counterparts. This is consistent with previous studies in which gestational NOS inhibition replicated some
hallmarks of PE>>3, Remarkably, nitric oxide has been recognized as an important mediator of hemodynamic
adaptation during gestation® and preservation of healthy glomerular filtration barrier*>. The elevated proteinuria
caused by gestational L-NAME dosing results possibly from the associated renal morphological damage
as indicated by the current findings of glomerular hypertrophy, glomerular capillary congestion, Bowman
space narrowing and focal mesangial proliferation. Remarkably, the role of nitric oxide synthase inhibition
in glomerular damage and increased glomerular hydraulic pressure and permeability has been emphasized
by others>>>6. Moreover, the present observation of reduced renal vasodilatory response to ACh in weaning
PE dams is in line with previous reports that highlighted remarkable reductions in cholinergic relaxation in
different vascular beds of PE rats®’~>". Unlike the diminished cholinergic response, renal vasodilation induced
by the adenosine analogue NECA was preserved in PE preparations. This may be accounted for by discrepancies
in the mechanisms by which the two vasodilators relax vascular smooth muscle. Whereas the ACh response is
essentially mediated via the endothelium-derived nitric oxide®, adenosinergic vasodilation involves not only an
endothelium-dependent component®! but also direct adenylate cyclase-mediated relaxation of vascular smooth
muscle®?. Even in studies in which the endothelium appears to mediate the adenosine-induced vasodilation,
there are conflicting data regarding whether the response is mediated by nitric oxide®® or other endothelium-
derived factors®.
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Fig. 4. Effect of gestational losartan and pioglitazone therapy on immunohistochemical protein expressions
of TLR-4 receptors (panel A) and Caspase-3 (panel B) in renal tubular tissues of PE or PE/LPS dams.
Representative images for immunostained renal tubular tissues are shown in panel C. The One-way ANOVA
followed by the Tukey’s post hoc was utilized to measure statistical significance. Values are expressed as
means = S.E.M of 5 observations. *p <0.05 vs. “Control” and *p <0.05 vs. “PE values.
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Fig. 5. Effect of gestational losartan and pioglitazone therapy on immunohistochemical protein expressions
of TLR-4 receptors (panel A) and Caspase-3 (panel B) in renal glomerular tissues of PE or PE/LPS dams.
Representative images for immunostained renal glomerular tissues are shown in panel C. The One-way
ANOVA followed by the Tukey’s post hoc was utilized to measure statistical significance. Values are expressed
as means + S.E.M of 5 observations. *p <0.05 vs. “Control’, *p <0.05 vs. “PE and *p <0.05 vs. “LPS” values.
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Fig. 6. Effect of gestational losartan and pioglitazone therapy on serum nitric oxide metabolites of PE or
PE/LPS dams measured colorimetry. The One-way ANOVA followed by the Tukey’s post hoc was utilized
to measure statistical significance. Values are expressed as means+S.E.M of 5-6 observations. *p <0.05 vs.
“Control”

Considering that PE? and perinatal endotoxemia!! are pregnancy-related pathologies and that the incidence
of sepsis, septic shock, and septic pelvic thrombophlebitis is enhanced in preeclamptic mothers***, we
hypothesized that the simultaneous exposure to preeclamptic and septic insults would elicit more deteriorated
renal and inflammatory profiles. Contrary to our expectation, the current data revealed that the treatment of
weaning PE dams with LPS diminished the renal structural damage and improved the depressed cholinergically-
mediated renal vasodilatory response and restored ACh vasodilations back to respective non-PE levels.
Arguably, this may suggest a post-conditioning action for endotoxemia against the PE-associated renal damage.
The phenomenon of pre- or post-insult conditioning has been credited for LPS against a variety of tissue insults.
For example, post-injury treatment with LPS was found to reduce cell death in traumatic brain injury®® and
infarct volume following middle cerebral artery occlusion®. Additionally, endotoxin preconditioning has been
documented in curtailing renal damage®”*® and ischemic stroke®. Albeit, the advantageous post-conditioning
action of LPS against preeclamptic renovascular perturbations in weaning mothers is at odds with our previous
reports in which LPS intensifies cardiac autonomic neuropathy in weaning PE mothers and offspring’®’!.
Speculatively, this implies that the outcome of the PE/LPS interaction is organ and/or function specific.

A hostile role has been proposed for RAS in the pathophysiology of PE?”?® and sepsis®"*2. The negative
pharmacologic manipulation of RAS by interventions like RAS inhibitors or PPAR-y activators acts favorably to
reconcile PE manifestations. For instance, Doering et al.?’ and Zhou et al.*® showed that AT1 receptor blockade
by losartan rectifies signs of the PE phenotype including hypertension, proteinuria and reduced litter weights.
Similar beneficial effects have been observed after PPAR-y activation*®0. These findings prompted us to
investigate the effects of gestational AT1 receptor blockade or PPAR-y stimulation by losartan and pioglitazone,
respectively, on the PE/LPS interaction. The data showed several favorable effects for gestational losartan
and pioglitazone therapies as exemplified by (i) diminution of the PE-evoked renal structural damage and
proteinuria, (ii) reductions in the hypertensive response to PE with restoration of blood pressure to near-control
(non-PE) values at weaning time, and (iii) significant rises in cholinergic (ACh) and adenosinergic (NECA)
renal vasodilatory responses. Data of the renovascular studies are in accordance with previous studies that
showed an improved endothelium-dependent dilation in disease conditions following losartan’? or pioglitazone
therapy”>. Arguably, the use of AT1 receptor blockers during gestation is often disputed due to their teratogenic
risk’%. Furthermore, there is scarce information available about the safety of PPAR agonists such as pioglitazone
during pregnancy’>. However, the use of drugs such as losartan and pioglitazone as experimental tools could
shed light on the interplay between AT1 receptors and PPAR-y pathways in the pathophysiology of PE, which
may lead to therapeutic insights for reprogramming PE-induced renal defects.

The likelihood of the advantageous losartan or pioglitazone effect on preeclamptic renovascular dysfunction
receives more support and perhaps mechanistic insight from molecular studies, which measured the protein
expression of inflammatory (TLR4) and apoptotic (caspase-3) markers in renal tissues. TLR4 was particularly
targeted because it is a pattern recognition receptor that dysregulates the immune response and incites
inflammation in pathologies like endotoxemia?! and PE’®. Additionally, the inflammatory response provoked by
TLR4 activation upregulates caspase-3 and other apoptotic signals that play a central role in programmed cell death
and organ dysfunction. Caspase-3 as such can enhance the production of inflammatory molecules, indicating a
mutual facilitatory interplay between apoptotic and inflammatory pathways’”. Immunohistochemical studies of
the present study revealed two important observations. First, remarkably higher expression levels of TLR4 and
caspase-3 in renal glomerular and tubular tissues of weaning PE dams compared with their control counterparts
(Figs. 4 and 5). Second, the upregulated levels of these inflammatory and apoptotic signals disappeared in PE rats
treated prenatally with losartan or pioglitazone. The downregulatory effect of these two therapies on TLR-4737°
and caspase-3%#! expression has also been reported in other models of renal injury. Notably, the precise cellular
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Fig. 7. Effect of gestational losartan and pioglitazone therapy on renal histopathology, increase in glomerular
size (panel A), glomerular capillary congestion (panel B), capsular adhesions (panel C), Bowman space
narrowing (panel D), focal mesangial proliferation (panel E), tubular changes (panel F), interstitial
inflammation (panel G), interstitial congestion (panel H) and total histopathology score (panel I) in tissues of
PE or PE/LPS dams. Data are expressed as means + SEM (n=4). The One-way ANOVA followed by the Tukey’s
post hoc was utilized to measure statistical significance. *p <0.05 vs. “Control’, + p <0.05 vs. “PE and #p <0.05
vs. “LPS” values.

and molecular mechanisms of the interaction of PE with LPS on the one hand, and losartan or pioglitazone on
the other hand, remain to be investigated.

Immunohistochemical studies also showed paradoxical effects for LPS on TLR4 and caspase-3 expressions
in renal tissues of weaning PE (downregulation) and non-PE dams (upregulation). The observation that the
inciting effect of PE on renal TLR4/caspase-3 abundance was mostly nullified by LPS provides a molecular basis
for the counteracting effect of LPS on preeclamptic abnormalities in renovascular reactivity. The paradoxical
effects of acute LPS exposure on renal TLR4/caspase-3 phenotype in non-PE (upregulation) and PE dams
(downregulation) are consistent with the conditional action of LPS against inflammatory and apoptotic
signals provoked by a variety of biological insults. For instance, Piao et al®? implicated the suppressed TLR4-
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Fig. 8. Descriptive photomicrographs of renal sections. (A) Control rat: Kidney showing intact glomeruli with
normal cellularity and intact Bowman space (arrows), tubular lining epithelium is intact (double arrows) and
there is no evidence of interstitial inflammation or congestion (H&Ex200). (B) PE: An enlarged glomerulus
featuring hypercellularity (asterisk) with marked Bowman space narrowing (arrows) (H&Ex400). (C) LPS:
There is an evident cloudy swelling in the tubular lining (asterisks) (H&Ex200). (D) PE/LPS: Normal-sized
glomeruli with minimal glomerular capillary congestion (arrows) (H&Ex200). (E) PE/LOS: Kidney showing
intact glomeruli with normal cellularity and intact Bowman space (arrows) (H&Ex100). (F) PE/LOS/LPS: A
normal-sized glomerulus with an intact Bowman space without capsular adhesions (arrow) and the tubules
appear intact (H&Ex200). (G) PE/ PIO: Kidney showing glomeruli with minimal glomerular capillary
congestion and intact Bowman space (arrows) (H&Ex200). (H) PE/ PIO/LPS: Glomeruli showing minimal
glomerular capillary congestion with Bowman space narrowing (arrows) and the tubules appear intact
(H&Ex200).

triggered MyD88- and TRIF-dependent signaling pathways and accentuated expression of negative regulators
of TLR like suppressor of IkappaB kinase-epsilon in the preconditioning action of LPS in human monocytes
in endotoxic tolerance. Li et al*> demonstrated that neuroprotection against spinal cord injury evoked by LPS
is triggered by the diminution of the expressions of apoptotic markers (caspase-3, cleaved caspase-3, and Bax)
and augmentation of the expression of antiapoptotic marker Bcl-2. He et al.® suggested that the upregulation
of heat shock protein 27 and associated depression of oxidative and apoptotic bursts is another mechanism that
arbitrates the renoprotective action of LPS against functional and structural renal deficits caused by ischemia/
reperfusion injury. Others found that microRNA-146a mediates the negative regulatory action of LPS on the
inflammatory response to kidney ischemia/reperfusion injury in rodents®”. In this latter study, microRNA-146a
was found to suppress NF-«B activation via the inhibition of IL-1 receptor-associated kinase and TNF receptor-
associated factor 6. Notably, microRNAs are small non-coding molecules that that are critically involved in gene
regulation and consequent mRNA degradation or translational repression®.

The LPS augmentation of renal vasodilations in PE rats deserves a comment. We were prompted to look at this
effect of LPS as a favorable action because of two reasons. First, LPS augmented the depressed renal vasodilations
evoked by PE but failed to do so when tested in non-PE preparations, suggesting that the LPS enhancement of
renal vasodilations is specific to the PE state and its associated renovascular dysfunction. Second, in doing so,
LPS replicated the beneficial renovascular influences of therapies like losartan and pioglitazone in PE mothers
as clearly demonstrated in Figs. 2 and 3. Given that systemic vasodilation, hypovolemia, and reduced tissue
perfusion are major cardiovascular complications of endotoxemia and endotoxic shock®>#, caution should be
taken when framing the changes caused by LPS in renovascular function as a positive outcome.

In conclusion, this study reveals potential therapeutic effects for gestational pharmacologic therapies like
losartan and pioglitazone on impaired renal vasodilatory responses to cholinergic and adenosinergic stimuli in
weaning PE dams. The abolition of renal morphological defects evoked by PE and concomitant surges in renal
inflammatory and apoptotic insults appear to mediate the beneficial actions of either drug. Renal aberrations
induced by PE are also remarkably improved after postnatal endotoxic challenge with LPS. More studies are
warranted to uncover more mechanistic insight into these interactions and ascertain its clinical relevance.

Materials and methods

Animals

Adult female Wistar rats (180-240 g) were obtained from the Animal facility of the Faculty of Pharmacy,
Alexandria University, Egypt, maintained under controlled laboratory conditions and allowed free access to
standard rat chow and tap water. All experimental protocols and animal manipulations were approved by
the Institutional Animal Care and Use Committee, Alexandria University, Egypt (ACUC project, Approval
No. AU06201957149, approval date. 7/5/2019), and in accordance with the "Principles of laboratory animal
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care” (NIH publication No. 86-23, revised 1985) and the ARRIVE guidelines. All methods were performed in
accordance with the relevant guidelines and regulations.

PE induction

Pregnancy was achieved by allowing the mating between nulliparous adult virgin female rats and larger male rats
at a ratio 1:1. The day of conception was determined by the presence of a vaginal plug or spermatozoa in vaginal
lavage. For the induction of PE, N“-nitro-L-arginine methyl ester (nitric oxide synthase inhibitor, L-NAME)
(50 mg/kg/day; Sigma-Aldrich Co, St. Louis, MO, USA) was administered via oral gavage for 7 consecutive
days starting from day 14 of conception*>. The measurements of systolic blood pressure (SBP) by the tail-cuff
technique (see below) as well as urinary protein level were used to validate PE development. At weaning, rats
were processed for hemodynamic and renovascular studies.

The rat isolated perfused kidney

The isolated perfused kidney technique was carried out to assess renal vasodilator capacities to ACh and NECA
according to the method described in previous studies®”~*°. After the induction of anesthesia with i.p. thiopental
(50 mg/kg; Biochemie, Vienna, Austria), the left kidney was exposed through a midline ventral laparotomy and
the left renal artery was cannulated. The left kidney was then excised from surrounding tissue, rapidly mounted
on a temperature-controlled glass chamber maintained at 37°C, continuously perfused with Krebs’ solution
(NaCl 120, KCl 5, CaCl2 2.5, MgS0,.7H,0 1.2, KH,PO, 1.2, NaHCO, 25, and glucose 11 mM), maintained at
37°C and gassed with 95% O, and 5% CO,,. The kidney was perfused at a constant flow rate of 5 ml/min by the
means of a peristaltic pump (Model P3- Pharmacia Fine Chemicals). The perfusion pressure was continuously
monitored by means of a BP transducer (Model P23XL, Astro-Med, Inc., West Warwick, RI, USA) connected to
a computerized data acquisition system with LabChart-7 pro software (AD Instruments, Bella Vista, Australia).
After a stabilization period of at least 30 min, the renal perfusion pressure was elevated by continuous infusion
with the a,-adrenoceptor agonist phenylephrine (20 uM; Sigma-Aldrich Co, St. Louis, MO, USA). Cumulative
dose response curves to bolus injections of ACh (0.01-7.29 nmol; Sigma-Aldrich Co, St. Louis, MO, USA) and
NECA (1.6-100 nmol ; Sigma-Aldrich Co, St. Louis, MO, USA) were established by direct injection into the
perfusate line proximal to the kidney. ACh and NECA were prepared freshly in distilled water and dimethyl
sulfoxide (Loba Chemie Pvt Ltd, India), respectively. Each dose of ACh or NECA (100 pl) was injected when the
former dose has achieved its maximal vasodilatory response. Moreover, a wash period of 30 min was allowed in
each kidney after the last dose of ACh before establishing the NECA curve.

Tail-cuff plethysmography

Non-invasive SBP measurements for conscious rats were performed using the tail-cuff technique and a
computerized data acquisition system with LabChart-7 pro software (Power Lab 4/30, model ML866/P, AD
Instruments, Bella Vista, Australia)®®®. All rats were subjected to daily pre-conditioning for at least 3 consecutive
days before the actual measurement of SBP to get the rats adapted to measurement conditions. A rat specific tail
cuff and pulse transducer (Pan Lab, Spain) were placed on the base of the tail. SBP measurement was carried out
based on the periodic occlusion of tail blood flow. SBP was measured in triplicates and values were averaged.

Immunohistochemistry

The method described in our previous studies®-”* was employed to measure the expression of the inflammatory
TLR-4 and apoptotic signals (caspase-3) in glomerular tissues as well as in outer medullary areas of tubular
cortex. Sections (4 pm thick) of kidney were deparaffinized in xylene and rehydrated in a series of declining
ethanol concentrations (100, 95 and 70%). Heat-induced epitope retrieval was carried out by immersing slides in
coplin jars containing 10 mM citrate buffer solution and incubated in a microwave at power 100 for 1 min then
power 30 for 9 min. Endogenous peroxidases were blocked by 0.3% hydrogen peroxide for 10 min. The rabbit,
anti-rat primary antibodies, caspase-3 (1ug/pl, Thermo Scientific®, Berlin, Germany, and TLR-4 (0.25 pg/pl,
Thermo Scientific®) were diluted (1:300), applied to the slides and then sections were incubated at 4 °C overnight.
The secondary antibody (HRP conjugate) was applied for 30 min. The chromogen 3, 3'-diaminobenzidine was
prepared and applied as instructed by the manufacturer for protein visualization. Slides were counterstained
with hematoxylin and dipped in ascending concentrations of alcohol and then xylene. For each section, not less
than 10 images were taken using Optika® Optikam B9 digital camera mounted on Optika® B-193 microscope
using the company’s Vision Lite software version 2.13. The mean of these images represented the result of the
section. Fiji Image J Software Version 1.53¢ (National Institutes of Health, Bethesda, Maryland, USA) was used
to measure the percentage of chromogen 3,3’-diaminobenzidine positive stained area.

81,92

Urine analyses

On gestational day 20, pregnant rats were kept in metabolic cages with mesh wire bottom made of stainless steel
and allowed access to standard rat chow and water. The 24-h urine samples were collected under light mineral
oil and stored at -80 °C until processed’!. Urinary protein levels were measured by the pyrogallol red method®?
using Cromatest standard kit (LINEAR Chemicals, Spain) according to the manufacturer’s guidelines.

Serum analyses

Retro-orbital blood samples were withdrawn from thiopental (50 mg/kg i.p.) anesthetized rats prior to kidney
isolation. The collected blood was permitted to coagulate for 15 min at room temperature and centrifuged at
1200 g for 10 min. The aspirated serum was stored at -80 °C for subsequent colorimetric determination of NO
metabolites according to the manufacturer’s instructions (BioDiagnostic, Giza, Egypt).
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Histopathological investigations

For histological analysis, kidney tissues were fixed in 10% neutral-buffered formalin and embedded in paraffin,
sectioned at 5 pm intervals and stained with haematoxylin and eosin (H&E). Light microscopy was used to
determine the morphologic changes. Scoring of each histopathological feature was performed as described in
our previous study®! using the following arbitrary scale: 0=absent; 1 = <10%; 2=11-24%; 3 =25-50% of surface
area examined.

Protocols and Experimental Groups

Preeclamptic maternal programming of renal vasodilatory and hemodynamic sequels of
endotoxemia

This experiment investigated the programming effect of PE on hemodynamic and renal vasodilator manifestations
of endotoxemia in weaning mothers. Three weeks after spontaneous delivery, a total of 4 groups of weaning
mothers (n=6-8 each) were employed in the current study and assigned as follows: (i) saline-treated non-PE
mothers, (ii) saline-treated PE mothers, (iii) LPS-treated non-PE mothers, and (iv) LPS-treated PE mothers.
Endotoxemia was induced by i.p. administration of a 5 mg/kg dose of LPS (from E coli, serotype 0111:B4; Sigma-
Aldrich Co, St. Louis, MO, USA) in weaning mothers!8. LPS was dissolved in saline. Four hours later, SBP was
measured by the tail-cuff technique, rats were anesthetized with thiopental (50 mg/kg i.p), and left kidneys
were isolated and perfused for the assessment of renal vasodilator responsiveness to ACh (0.01-7.29 nmol) and
NECA (1.6-100 nmol). The right kidneys were collected for immunohistochemical determination of TLR-4 and
caspase-3 expression and histopathological investigations in renal tissues.

Impact of gestational losartan or pioglitazone administration on preeclamptic endotoxic
manifestations

This experiment investigated the effect of gestational administration of losartan or pioglitazone on hemodynamic
and renal vasodilator defects caused by PE or PE/LPS insult in weaning mothers three weeks postpartum.
Following pregnancy induction, Losartan (10 mg/kg; PHARCO Pharmaceutical Co., Alexandria, Egypt) or
pioglitazone (5 mg/kg; PHARCO Pharmaceutical Co., Alexandria, Egypt)®*~%® were administered to other groups
of pregnant rats along with L-NAME (50 mg/kg/day) for 7 consecutive days, starting from gestational day 14 till
delivery. Three weeks after spontaneous delivery, four groups of weaning rats (n=6-8) were employed in this
study and assigned as follows: (i) saline-treated PE/losartan mothers, (ii) LPS-treated PE/losartan mothers, (iii)
saline-treated PE/pioglitazone mothers, (iv) LPS-treated PE/pioglitazone mothers. Endotoxemia was induced by
i.p. injection of a 5 mg/kg dose of LPS and 4 h later, rats were processed for renovascular, immunohistochemical
and histopathological studies as described in the previous experiment.

Statistics

Values are expressed as means+S.E.M. The vasodilatory responses to ACh and NECA were expressed as the
percentage of the precontraction level induced by 20 uM phenylephrine. The cumulative vasodilatory effects of
ACh and NECA were computed by calculating the area under the curve (AUC) for individual experiments using
trapezoidal integration and zero line as the baseline. In immunohistochemical studies, the percentages of stained
areas were estimated. The one-way ANOVA followed by the Tukey’s post hoc test was used to assess statistical
significance with probability levels <0.05. Normal distribution was checked using column statistics (Shapiro-
wilk normality test, GraphPad Prism, software release 8.0.2).

Data availability

Raw data are provided as additional supporting files.
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