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Abstract
Prenatal exposure to an inflammatory stimulus has been shown to cause renal damage in

offspring. Our present study explored the role of intra-renal NF-κB activation in the develop-

ment of progressive renal fibrosis in offspring that underwent prenatal exposure to an

inflammatory stimulus. Time-dated pregnant rats were treated with saline (control group) or

0.79 mg/kg lipopolysaccharide (LPS) through intra-peritoneal injection on gestational day 8,

10 and 12. At the age of 7 weeks, offspring from control or LPS group were treated with

either tap water (Con+Ve or LPS+Ve group) or pyrollidine dithiocarbamate (PDTC, 120mg/

L), a NF-κB inhibitor, via drinking water starting (Con+PDTC or LPS+PDTC group), respec-

tively, till the age of 20 or 68 weeks. The gross structure of kidney was assessed by hema-

toxylin-eosin, periodic acid–Schiff staining and Sirius red staining. The expression levels of

TNF-α, IL-6, α-smooth muscle actin (α-SMA) and renin-angiotensin system (RAS) genes

were determined by real time polymerase chain reaction and/or immunohistochemical

staining. Our data showed that post-natal persistent PDTC administration efficiently

repressed intra-renal NF-κB activation, TNF-α and IL-6 expression. Post-natal PDTC also

prevented intra-renal glycogen deposition and collagenous fiber generation as evident by

the reduced expression of collagen III and interstitial α-SMA in offspring of prenatal LPS

exposure. Furthermore, post-natal PDTC administration reversed the intra-renal renin-

angiotensin system (RAS) over-activity in offspring of prenatal LPS exposure. In conclusion,

prenatal inflammatory exposure results in offspring’s intra-renal NF-κB activation along with

inflammation which cross-talked with excessive RAS activation that caused exacerbation of

renal fibrosis and dysfunction in the offspring. Thus, early life prevention of NF-κB activation
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may be a potential preventive strategy for chronic renal inflammation and progressive renal

damage.

Introduction
The incidence and morbidity rates of cardiovascular disease (CVD) such as hypertension con-
tinue to rise despite ongoing research efforts in regard to primary and secondary prevention
[1]. Therefore, exploring novel mechanisms yielding new biological targets are of great signifi-
cance to improve prevention and treatment of hypertension as well as to reduce the incidence
of CVD.

The association of adverse intra-uterine environment with adult chronic diseases in off-
spring has attracted significant attention worldwide [2]. Based on an epidemiological study in
England, they showed that women with bacterial vaginosis had a fivefold increased risk of pre-
term delivery independent of age, race, marital status, education, income and history of pre-
term birth [3]. The children born with pre-term birth showed the characteristic risk factors for
the development of cardiovascular disease, such as higher blood pressure, higher fasting levels
of serum free fatty acids [4]. A recent epidemiological study had also demonstrated that the
population involved with the prenatal exposure to the 1918 influenza pandemic showed ~ 20%
excess cardiovascular disease [4]. These findings provide supportive evidence that prenatal
inflammation is epidemiologically relevant to CVD. We previously found that prenatal expo-
sure to inflammatory stimuli, such as lipopolysaccharides (LPS), the main component of gram-
negative bacteria cellular wall [5], resulted in the development of hypertension in Sprague-
Dawley (SD) rats [6]. As such, this may be indirectly caused by maternal derived pro-inflam-
matory cytokines exposure, rather than directly LPS exposure in utero [7]. As prenatal inflam-
matory exposure, such as infection [8], hepatitis [9] as well as arthritis [10], is still the most
common public health problems during pregnancy, further research is required in this area to
uncover the mechanisms of prenatal programmed hypertension and other CVD
complications.

Interestingly, our research group has shown that prenatal exposure to LPS resulted in signif-
icantly lower glomerular numbers, creatinine clearance rates and higher urinary protein in
adult offspring [11]. Our reported findings in this area was also confirmed by another indepen-
dent research group [12]. Mechanistic studies found that abnormality of intra-renal renin-
angiotensin system (RAS) [11] and oxidative stress [12] might be involved. However, the rela-
tive mechanisms of prenatal LPS exposure induced renal damage are still largely unknown.

We previously found an increased renal infiltrating monocytes/macrophages and lympho-
cytes at the age of 7 weeks [13], and also an intra-renal NF-κB activation in offspring of prena-
tal exposure to LPS at the age of 25 weeks [11]. A specific IκBα degradation inhibitor,
pyrollidine dithiocarbamate (PDTC) [14], which can prevent NF-κB activation [15], treated
simultaneously with prenatal LPS stimulation significantly attenuated prenatal LPS exposure-
induced offspring’s renal damage [11]. These findings indicate that intra-renal NF-κB activa-
tion may have an important role in renal damage. However, PDTC simultaneously with LPS
administration mainly blocks maternal NF-κB activation and inflammation response, which
could only suggest that prenatal LPS exposure induced high levels of maternal inflammation
may have a very important role in the development of renal damage in offspring. Thus, the
physiological role of NF-κB activation in postnatal progressive renal damage in offspring of
prenatal exposure to LPS is still uncertain.

Post-Natal NF-κB Activation and Prenatal LPS-Induced Renal Fibrogenesis in Offspring
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Renal fibrosis is a common manifestation of various chronic kidney diseases, characterized
by an excessive accumulation of extracellular matrix. The pathogenesis of renal fibrosis is a
progressive process, which could ultimately lead to end-stage renal failure. In a simplistic view,
renal fibrosis represents a failure of a wound-healing process in the kidney tissue responding to
chronic, sustained injury [16]. We recently found that an early life and persistent NF-κB activa-
tion existed in the thoracic aorta [7] and increased renal collagen I expression [13] of prenatal
LPS-induced offspring. Several researches showed that PDTC treatment could be a potential
method to prevent renal damage in several animal models of chronic kidney diseases, such as
doxorubicin hydrochloride induced nonimmune proteinuric tubulointerstitial inflammation
[17], zymosan induced multiple organ failure [18], chronic tacrolimus (FK506) induced neph-
rotoxicity [19] and human renin and angiotensinogen genes double-transgenic rats [20]. As
such, in the current study, we used PDTC to persistently inhibit the in vivoNF-κB activity of
prenatal LPS-induced offspring postnatally in order to explore the role of NF-κB activation in
the process of progressive renal fibrosis and its relationship with intra-renal RAS activation in
offspring of prenatal LPS exposure.

Material and Methods

Animals
The study protocol was approved by the Ethical Committee for Animal Experimentation of
Third Military Medical University. Nulliparous pregnant time-mated SD rats were obtained
from the Experimental Animal Center of the Third Military Medical University (Chongqing,
China). All animals had free access to standard laboratory rat chow and tap water. Until partu-
rition, rats were housed individually in a room at constant temperature (24°C) and under a 12
hour light–dark cycle. The pups were raised with a lactating mother until 4 weeks of age, at
which time they were removed to cages containing three or four pups. The present study con-
formed to the Guide for the Care and Use of Laboratory Animals published by the US National
Institutes of Health (NIH Publication No. 85–23, revised 1996, revised 2011; www.nap.edu/
catalog/5140.html).

The pregnant rats received an intraperitoneal (i.p) injection with saline (Control group) or
0.79 mg/kg LPS (Sigma Chemical, St. Louis, MO, USA) (LPS group), respectively, at gestational
day 8, 10 and 12, as described previously (n = 8 for each group) [11, 21, 22]. The pregnant rats
were used only once. After birth, the litter size was then reduced to eight pups to ensure equal
nutrient access for all of the offspring. Neonatal rats were cared for by their mothers until they
were weaned at the age of 4 weeks, after which they received standard rat chow. As both male
and female offspring of prenatal exposure to LPS showed increased renal damage, equal size of
male and female offspring rats were selected for each experiments in current study [11]. Off-
spring that received saline or LPS prenatally were treated with PDTC (120 mg/L, Sigma Chemi-
cal) [23, 24] through drinking water from postnatal 7 weeks to 20 or 68 weeks, defined as
Con+PDTC or LPS+PDTC groups, respectively, by random selection. Offspring received
saline or LPS prenatally without any additional post-natal treatment, identified as Con+Ve or
LPS+Ve groups respectively. At the end of treatment, offspring were anesthetized using chloral
hydrate (0.35 g/kg, 7% in saline) and sacrificed by decapitation. Kidneys were collected for
future analysis.

During the period of treatment, the physical condition of all the animals was monitored
every day. Some animals were dead prior to the experimental endpoint [S1 Fig], and some of
which might be caused by long-term PDTC treatment. Once the animal showed reduced loco-
motive activity and any other weakness, such as arching, it will be supplied with mush food in
the petri dish. Humane endpoints/early euthanasia with CO2 followed by cervical dislocation
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was used for animals who exhibited moribund states. The moribund states were identified as
followings: weight loss (> 20%); inability to roll over from side to chest; dyspnea or labored
breathing.

Immunoblotting
Immunoblotting was performed as previously described [25, 26]. Briefly, kidney samples were
lysed with T-PER™ tissue protein extraction reagent (Pierce, Rockford, IL) with protease inhibi-
tor cocktail (Sigma-Aldrich, St. Loius, MO). The primary antibodies were as followings: NF-κB
p65 (1:1000) and phospho-p65NF-κB (1:1000) (Cell signaling Technology, Beverly, MA,
USA). GAPDH antibodies (1:5000, Cell Signaling Technology) was used as an internal control.

Real-time RT-PCR
Total RNA was isolated by Trizol, and then was reverse transcribed using cDNA synthesis kit
(DBI Bioscience, Ludwigshafen, Germany). All primers were designed by Premier 5.0 software
or reported in previous literature [7], and were synthesized by Invitrogen. The primer
sequences are as followings: rat TNF-α (sense: TGTTCATCCGTTCTCTACC; antisense: CCACT
ACTTCAGCGTCTC), rat IL-6 (sense: CGGAGAGGAGACTTCACA; antisense: GCATCATCGCT
GTTCATAC), rat collagen type I (Col1a1) (sense: ATCCTGCCGATGTCGCTAT; antisense: CCAC
AAGCGTGCTGTAGGT), rat collagen type III (Col3a1) (sense: CTGGTCCTGTTGGTCCATCT;
antisense: ACCTTTGTCACCTCGTGGAC), rat angiotensin-converting enzyme (ACE) (sense:
TTGGCTCTGTCTGTGTCT; antisense: CTCCTTGGTGATGCTTCC), rat Ang (sense: CTGGAGCT
AAAGGACACACAGA; antisense: CAGGGTCTTCTCATCCACGG), rat Renin (sense: CACCTTCA
TCCGCAAGTT; antisense: GCAGAGCCAGACAGAATG), rat AT1R (sense: GGCAGGCACAGTTAC
ATAT; antisense: CAAGGCGAGATTGAGAAGA). Each real-time PCR were carried out in a total
volume of 20 μl with SYBR Green PCRMaster Mix (DBI Bioscience) with the reaction condi-
tion: 95°C 2min, 40 cycles at 95°C 15S, 60°C 15S, 68°C 10S, 72°C 20S. Relative mRNA expres-
sion levels were firstly normalized to β-actin by using the ΔΔCt method and then normalized
the value for each sample by divided it by the value of one sample from that of the Con+Ve
group.

Systolic blood pressure (SBP) measurement
SBP was assessed by the non-invasive tail-cuff method with computer-assisted BP-2010 Series
tail measurement equipment (Softron Beijing Biotechnology Co., Ltd, Beijing, China), as
described previously [6]. The investigators were blinded during the measuring of the blood
pressure. SBP was calculated from three consecutive recordings.

Ratio of kidney weight/body weight
Ratio of kidney weight/body weight was calculated by using the value of kidney weight divided
by the value of whole body weight for each animal.

Urine collection and analysis of 24 hour urine volume
Seven days ahead of sacrificing, each rat was housed in individual metabolic cage with free
access to water and food for the collection of 24 hour urine. The mean value of 24 hour urine
volume for each rat was calculated by using the 7 days consecutive data of urine volume.
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Histopathological evaluations
Renal tissue samples from offspring of 68 week-old were fixed with 4% para-formaldehyde,
embedded in paraffin, and sectioned into 4-μm-thick sections. Hematoxylineosin (HE) stain-
ing was used to summarize the gross morphology of renal glomerulus, tubes and interstitium
by using our standard in house protocol. Periodic acid-Schiff (PAS) stain was used for detect-
ing saccharides, glomerulus basilar membrane and neutral mucus material by using PAS Kit,
according to the manufacturer’s instructions (Sigma-Aldrich). Glomerular damage and
tubulo-interstitial injury were semi-quantitatively scored, according to reported literature [27–
29], by two independent examiners who were blinded as to animal groups. Briefly, randomly
selected microscopic fields (6–8) at 100 × magnification per slide were used to count damaged
glomerular or tubulo-interstitial injury.

Renal tissue samples from 68-week-old offspring were used for Sirius red staining. After de-
waxing and re-hydration, slices were stained with Sirius red saturation picric acid for 30 min-
utes. After washed within water, nuclei were stained with hematoxylin. Slices were viewed with
both light microscope (Olympus BH-2) and polarized microscope (Olympus BX-51). Collagen
fibers appear as red under white microscope. Under polarized microscope, collagen I appears
as yellow or red color with strong double refraction, while collagen III presents as green color
with light double refraction.

The area of positive Sirius red staining was measured in 6–8 randomly chosen microscopic
fields at 100 × magnification per offspring using NIH Image J software, according to the
reported literature [30].

Immunohistochemistry (IHC) staining of α-smooth muscle actin (α-
SMA), Ang II and ACE
Renal α-SMA, AngII and ACE were identified by IHC as described previously [11, 31]. The
antibodies were used as follows: α-SMA antibody (polyclone, Abcam, Cambridge, UK,1:2000
dilution), AngII antibody (polyclone, Abbiotec, CA, USA, 1:250 dilution) and ACE antibody
(clone: 2E2, Abcam, 1:200 dilution).The positive area and density for α-SMA, Ang II and ACE
in each group were semi-quantified using Image-pro plus software 5.1.

Statistical analysis
For multiple comparisons, a two-way ANOVA model followed by LSD or Dunnett T3 test for
inter-group comparison, when appropriated, was performed by PASW Statistic software 18.0.
Data are shown as mean ± S.D. A P value less than 0.05 was considered statistically significant.

Results

Prenatal inflammatory exposure leads to NF-κB activation along with
increased pro-inflammatory cytokines in renal tissue of offspring
Our previously finding had shown that NF-κB activation existed in kidney of offspring that
received prenatal LPS exposure at the age of 25 weeks [11]. We first assessed NF-κB activity by
determining the protein level of p-p65 and p65 at the age of 20 weeks. The protein levels of p-
p65 and total p65 were significantly increased in renal tissue of offspring that received prenatal
exposure to LPS (Fig 1A), which indicates that intra-renal NF-κB was activated in adult off-
spring of prenatal exposure to LPS. Interestingly, post-natal administration of specific IκBα
degradation inhibitor PDTC reversed the NF-κB activation, and was therefore consistent with
our previous finding [11]. TNF-α, IL-1β and IL-6 are the main downstream pro-inflammatory
cytokines of NF-κB activation [15, 32]. To find more evidence of NF-κB activation and in vivo
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effect of PDTC on NF-κB inhibition, we next determined the mRNA expression of TNF-α, and
IL-6 in renal tissue. We found that prenatal LPS exposure significantly increased the mRNA
expression of TNF-α and IL-6 in renal tissue of offspring at the age of 20 weeks, whereas post-
natal PDTC administration significantly reduced the mRNA expression of TNF-α and IL-6
(Fig 1B and 1C). This data demonstrates that NF-κB activation along with increased pro-
inflammatory cytokines exists in the renal tissue of offspring that received prenatal exposure to
LPS, whereas post-natal PDTC administration effectively blocks the NF-κB activation.

Fig 1. NF-κB activation and increased expression of pro-inflammatory cytokines existed in the renal tissue of offspring that received prenatal LPS
exposure.Relative protein expression of phospho-p65ser536 and total p65 at the age of 20 weeks was determined by immunoblotting. Representative plots in
each group and statistical data of relative densitometry, normalized by GAPDH, were shown (A). The mRNA expressions of TNF-α (B) and IL-6 (C) in the
kidney at the age of 20 weeks were determined by realtime RT-PCR. Data are presented as mean ± SD. n = 6 offspring per group for (A); n = 7 offspring in
each group for (B) and (C). * and ** indicate P<0.05 and P<0.01, respectively, which denote statistical comparison between the two marked treatment
groups (Two-way ANOVA for followed by Dunnett T3 test for inter-group comparison (A, B and C)). Con+Ve group, offspring rats frommaternal saline
treatment together with post-natal saline treatment; LPS+Ve group, offspring rats frommaternal LPS exposure together with post-natal saline treatment; LPS
+PDTC group, offspring rats frommaternal LPS exposure together with post-natal PDTC treatment; Con+PDTC group, offspring rats frommaternal saline
treatment together post-natal PDTC treatment.

doi:10.1371/journal.pone.0153434.g001
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Post-natal NF-κB inhibition represses offspring’s blood pressure
elevation, increased kidney/body weight ratio and reduced urine volume
(24 hour) induced by prenatal LPS exposure
Consistent with our previous findings, the current model also showed that offspring of prenatal
exposure to LPS showed increased SBP, whereas post-natal PDTC treatment reversed this ele-
vation (Fig 2A). Prenatal LPS exposure significantly increased offspring’s the ratio of kidney

Fig 2. Post-natal inhibition of NF-κB activity by PDTC prevents blood pressure elevation (A), reverses the increased kidney/body weight ratio (B)
and the reduced 24 hour urine volume (C). Systolic blood pressure (SBP) was measured by a noninvasive tail-cuff method at indicated time points after
PDTC treatment (A). Relative kidney weight was calculated as a ratio of kidney wet weight to whole body weight after animals were sacrificed at indicated
time-point (B). 24 hour urine volume was calculated by collecting urine for 24 hour by using metabolic cage at the indicated time-point (C). Data are presented
as mean ± SD. n = 16 offspring for each group for (A, B, C).*P<0.05 or **P<0.01, Con+Ve vs LPS+Ve; #P<0.05 or ##P<0.01, LPS+PDTC vs LPS+Ve (A);
* and ** indicate P<0.05 and P<0.01, respectively, which denote statistical comparison between the two marked treatment groups (B, C) (Two-way ANOVA
followed by LSD test for inter-group comparison (A) or Dunnett T3 test (B and C) for inter-group comparison). Indications of Con+Ve, LPS+Ve, LPS+PDTC
and Con+PDTC are as described in Fig 1.

doi:10.1371/journal.pone.0153434.g002

Post-Natal NF-κB Activation and Prenatal LPS-Induced Renal Fibrogenesis in Offspring

PLOS ONE | DOI:10.1371/journal.pone.0153434 April 13, 2016 7 / 18



weight to whole body weight at the age of both 20 and 68 weeks, while post-natal PDTC treat-
ment reversed this increment at the age of 68 weeks (Fig 2B, left panel). Since urine volume is
one of the most direct indications of renal function, we also collected the urine by metabolic
cage to assess the 24 hour urine volume. There were no significant changes in 24 hour urine
volume among these groups at the age of 20 weeks. At the age of 68 weeks, the 24 hour urine
volume was significantly reduced in offspring of prenatal exposure to LPS, whereas post-natal
PDTC reversed it [Fig 2C]. Though this decreased 24 hour urine volume did not meet the diag-
nosing criterion of oliguria [33], it may be an indication of impaired kidney function in off-
spring of prenatal exposure to LPS, whereas post-natal NF-κB inhibition showed a protective
effect.

Prenatal LPS exposure induced offspring’s renal gross morphology
damages could be reversed by post-natal NF-κB inhibition
HE staining of renal morphology at the age of 68 weeks showed an obvious increased infiltra-
tion of inflammatory cell, increased mesangial matrix fraction as well as the swelling of renal
proximal tubules in the renal tissue of prenatal LPS-induced offspring when compared to that
of control animals. This damage was prevented by post-natal PDTC administration (Fig 3A).
PAS staining showed that offspring from prenatal LPS exposure presented with an increased
mesangial matrix in glomeruli and also a few glomeruli undergoing sclerosis. This indicated
increased glycoprotein accumulation in glomeruli. We also demonstrated that post-natal
PDTC administration reversed this change [Fig 3B]. Semi-quantitation of glomerular damage
and tubulo-interstitial injury further supported our idea that post-natal NF-κB activation plays
an important role in progressive renal damage [Fig 3C and 3D].

Inhibition of NF-κB activation protects offspring of prenatal LPS
exposure from renal fibrosis
Inflammation plays an important role in the progress of renal fibrosis [34]. As such we then
explored the role of NF-κB activation in offspring’s renal fibrosis. We first determined renal
fibrosis by Sirius red staining and viewed the slices under both light microscope (Fig 4A, top
panel) and polarized microscope (Fig 4A, bottom panel). Our results showed that prenatal LPS
exposure led to increased Sirius red positive area, which was mainly type III collagen fibers in
renal tissue of offspring at the age of 68 weeks, whereas post-natal NF-κB inhibition by PDTC
reversed this damage [Fig 4A and 4B]. Analysis of the mRNA expression of collagen 1 and col-
lagen 3 at an earlier age of 20 weeks showed that renal collagen 1 and collagen 3 transcripts
were significantly increased in offspring of prenatal exposure to LPS, whereas post-natal PDTC
treatment repressed these increments [Fig 4C].

α-SMA, predominantly existing in vasculature [35], is the actin isoform that plays an
important role in fibrogenesis [36]. In health kidney, α-SMA is only expressed in the middle
or adventitia layer of vasculature, while it occurs at the renal interstitial during renal fibrosis
[37, 38]. During the medical condition of glomerular nephritis, inflammatory cells in glomer-
ular and renal interstitial can be activated, leading to an increase in actin synthesis (indicated
by the expression of α-SMA). As such, inflammatory injuries can be aggravated leading to
further fibrogenesis of the kidney [39, 40]. To find more evidence of renal fibrosis in offspring
of prenatal LPS exposure, we next determined the α-SMA expression in renal tissue by IHC.
Our data showed that little cells in kidney expressed α-SMA in control offspring at the age of
68 weeks, whereas much higher level of α-SMA appeared at the interstitial in offspring of pre-
natal LPS exposure. As expected, post-natal PDTC administration obviously prevented the
increased expression of α-SMA in the interstitial of renal tissue (Fig 5). All this data above
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Fig 3. Post-natal NF-κB inhibition reverses the morphological changes in offspring of prenatal LPS
exposure.Renal gross morphology was determined by Hematoxylin-eosin (HE) staining (A) and periodic
acid–Schiff (PAS) staining (B) at the age of 68 weeks. Semi-quantitation of renal glomerular damage index
and tubulo-interstitial injury index were semi-quantitatively from HE staining (C) and of relative glomerular
matrix glycoprotein accumulation from PAS staining (D) were shown. The black arrows indicate obvious
damaged glomerulus (A) or glomerulus with obvious mesangial matrix accumulation (B). The white arrows
indicate the swelling of renal proximal tubules. Data are presented as mean ± SD. n = 8 offspring in each
group for (A) and (B). n = 8 offspring and at least 100 glomeruli were counted from each offspring for (C) and
(D). * and ** indicate P<0.05 and P<0.01, respectively, which denote statistical comparison between the two
marked treatment groups (Two-way ANOVA followed by Dunnett T3 test (C) or LSD test (D) for inter-group
comparison). Indications of Con+Ve, LPS+Ve, LPS+PDTC and Con+PDTC are as described in Fig 1.

doi:10.1371/journal.pone.0153434.g003
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suggests that post-natal NF-κB activation along with pro-inflammatory status has a critical
role in the process of gradual interstitial renal fibrosis and post-natal NF-κB inhibition could
be a potential therapeutic target for renal damage of prenatal inflammation stimulated
offspring.

Fig 4. Renal collagen deposition in offspring of prenatal LPS exposure could be reversed by post-natal NF-κB inhibition. (A) Level of renal collagen
deposition in 68-week-old offspring was assessed by Sirius red staining and observed under both white microscope (top panel) and polarized microscope
(Arrow indicates collagen III accumulation, bottom panel). Semi-quantitation of relative Sirius red-positive area was shown (B). Relative mRNA expressions
of collagen type1 (Col1a1) and collagen type 3 (Col3a1) (C) were determined by realtime RT-PCR in kidney at the age of 20 weeks. Data are presented as
mean ± SD. n = 7 offspring and 4–5 pictures from each offspring were quantified for (B). n = 7 offspring in each group for (C). * and ** indicate P<0.05 and
P<0.01, respectively, which denote statistical comparison between the two marked treatment groups (Two-way ANOVA followed by Dunnett T3 test (B) or
LSD test (C) for inter-group comparison). Indications of Con+Ve, LPS+Ve, LPS+PDTC and Con+PDTC are as described in Fig 1.

doi:10.1371/journal.pone.0153434.g004
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RAS over-activity could be reversed by post-natal NF-κB inhibition in
offspring of prenatal LPS exposure
Inflammation leads to over activation of RAS, while enhanced RAS activity positively aggra-
vates inflammation response in local tissue through NF-κB signal pathway. This positive feed-
back cycle is critical in causing tissue damage [41]. In addition, the cross-talk among RAS,

Fig 5. Increased protein level of intrarenal α-SMA expression in offspring of prenatal LPS exposure could be reversed by post-natal NF-κB
inhibition.Renal α-SMA expression in offspring at the age of 68 weeks was determined by immunohistochemistry (A) and semi-quantitation of its positive
area and density was show in (B). Data are presented as mean ± SD. n = 7 offspring and 4–5 pictures from each offspring were quantified for (B). ** indicates
P<0.01, which denotes statistical comparison between the two marked treatment groups (Two-way ANOVA followed by LSD test (B) for inter-group
comparison). Indications of Con+Ve, LPS+Ve, LPS+PDTC and Con+PDTC are as described in Fig 1.

doi:10.1371/journal.pone.0153434.g005
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NF-κB and pro-inflammatory cytokines obviously exacerbates the progress of renal fibrosis
[42]. So we next detected the role of post-natal NF-κB inhibition by PDTC on renal RAS activ-
ity of prenatal LPS exposed offspring. As expected, post-natal PDTC treatment restored the
increased protein expression of renal Ang II and ACE in offspring of prenatal LPS exposure
[Figs 6 and 7]. Unexpectedly, the mRNA expression of RAS family components showed the
similar trend as the protein expressions without statistical significance [Fig 8]. This might due
to the large variations of the samples or the limited sample size for each group.

Discussion
Inflammation plays a critical role in the process of progressive renal malfunction, fibrosis and
chronic renal failure [43]. However, the exact mechanisms for initiation and development of
persistent inflammation status are largely unknown. Our research laboratory previously found
that prenatal inflammatory exposure led to higher level of pro-inflammatory cytokines in fetus,
renal damage in newborns [44] and NF-κB activation in adult [11]. Our current study showed
that intra-renal elevated levels of pro-inflammatory cytokines, such as TNF-α and IL-6, were
found in offspring that were exposed to an inflammatory stimuli during the prenatal period.
All these findings suggest that prenatal inflammatory exposure should be a momentous but
also easily ignored etiology of chronic renal inflammation. As such, prevention of inflamma-
tion during earlier life may have a great significance on reducing the incidence of several kidney
diseases related to chronic renal inflammation, such as renal malfunction and renal failure.

Previous studies have demonstrated that higher levels of inflammatory activity are positively
correlated with renal fibrosis and renal hypo-function [45]. In this study, we show that prenatal
inflammatory exposure led to obvious offspring’s intra-renal damage, such as increased infil-
tration of inflammatory cell and mesangial matrix fraction, as well as accumulation of glycogen
in both glomeruli and interstitial area. Post-natal NF-κB inhibition, through daily drinking
water with PDTC, strikingly repressed the expression level of pro-inflammatory cytokines
together with obvious protection of progressive kidney damage. As such, our results suggest
that NF-κB-dependent persistent inflammatory activation might drive the progressive pathol-
ogy of renal damage in offspring of prenatal inflammatory exposure. Previous findings showed
that prenatal inflammatory exposure led to increased collagen I expression [13], which was sig-
nificantly increased when renal fibrosis occurred. Our current study provides additional sup-
portive in regard to our finding of intra-renal fibrosis as evident by increased expression of
collagen III, α-SMA and collagen hyperplasia in kidney of prenatal LPS-induced offspring. All
these changes related to renal fibrosis were reversed by post-natal NF-κB inhibition. Together
with our previously finding that prenatal inflammatory exposure directly led to reduced total
number of glomeruli during the developmental stage [11, 13], our results suggest that prenatal
inflammatory stimulus cause both direct micro-structural damage and proneness to activation
of inflammatory response. In the adult, these two factors cross-talk with each other, which in
turn aggravate and worsen the resultant renal damage.

Mechanistically, we found that the protective effects of NF-κB inhibition on renal fibrosis in
offspring of prenatal LPS exposure might be attributed to repressed RAS over-activity. The
RAS is described as a cascade of biochemical reactions, whose activity is essential for cardiovas-
cular homeostasis [46]. Cross-talk of pro-inflammatory status and RAS over-activation plays a
critical role in progressive renal fibrosis [47, 48]. We previously found that prenatal LPS expo-
sure led to decreased renal cortex renin and Ang II expression in offspring at 1 day of age, but
significantly increased at 7, 16 and 25 weeks [11]. Our current finding showed that post-natal
PDTC treatment significantly reduced the intra-renal expression level of ACE and Ang II in
offspring exposed to prenatal inflammatory stimulus. All these findings suggests that the
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Fig 6. Higher level of Ang II positive cell in kidney in offspring of prenatal LPS exposure is reversed by post-natal NF-κB inhibition. The protein
expression of Ang II in renal tissue of offspring at the age of 20 weeks was determined by immunohistochemistry staining. Representative picture from each
group (A) and semi-quantitation of its positive area and density (B) are shown. Data are shown as mean ± SD. n = 7 offspring and 4–5 pictures from each
offspring were quantified for (B). * and ** indicate P<0.05 and P<0.01, respectively, which denote statistical comparison between the two marked treatment
groups (Two-way ANOVA followed by LSD test (B) for inter-group comparison). Indications of Con+Ve, LPS+Ve, LPS+PDTC and Con+PDTC are as
described in Fig 1.

doi:10.1371/journal.pone.0153434.g006
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cross-talk between RAS abnormality and NF-κB activation interact with each other thereby
accelerating the progressive renal damage in offspring of prenatal exposure to LPS.

In summary, the activation of the offspring’s intra-renal NF-κB activation caused by prena-
tal inflammatory exposure cross-talks with excessive RAS activation, exaggerates offspring’s
renal inflammation status, renal fibrosis and further damage of renal function. Thus, early life

Fig 7. Post-natal NF-κB inhibition protects offspring of prenatal LPS exposure from ACE overexpression in kidney. The protein level of ACE in
kidney of offspring at the age of 20 weeks was assessed by immunohistochemistry staining. Representative picture from each group (A) and semi-
quantitation of its positive area and density (B) are shown. Data are presented as mean ± SD. n = 7 offspring and 4–5 pictures from each offspring were
quantified for (B). * and ** indicate P<0.05 and P<0.01, respectively, which denote statistical comparison between the two marked treatment groups (Two-
way ANOVA followed by LSD test (B) for inter-group comparison). Indications of Con+Ve, LPS+Ve, LPS+PDTC and Con+PDTC are as described in Fig 1.

doi:10.1371/journal.pone.0153434.g007
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Fig 8. The effect of Post-natal NF-κB inhibition on aberrant renal RAS gene expression in offspring of prenatal LPS exposure. Relative mRNA
expression of renal Angiotensinogen (A), Renin (B), ACE (C) and AT1R (D) in offspring at the age of 20 weeks was determined by real time RT-PCR. Data
are shown as mean ± SD. n = 7 in each group. * indicates P<0.05, which denotes statistical comparison between the two marked treatment groups (Two-way
ANOVA followed by Dunnett T3 test (A,B,C, D) for inter-group comparison). Indications of Con+Ve, LPS+Ve, LPS+PDTC and Con+PDTC are as described
in Fig 1.

doi:10.1371/journal.pone.0153434.g008
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prevention of excessive NF-κB activation may be a potential preventive strategy for chronic
renal inflammation and progressive renal injury.

Supporting Information
S1 Fig. Kaplan–Meier survival curve of offspring that received saline or prenatal LPS expo-
sure together with post-natal PDTC treatment. Con+Ve group, offspring rats from maternal
saline treatment together with post-natal saline treatment; LPS+Ve group, offspring rats from
maternal LPS exposure together with post-natal saline treatment; LPS+PDTC group, offspring
rats from maternal LPS exposure together with post-natal PDTC treatment; Con+PDTC
group, offspring rats from maternal saline treatment together post-natal PDTC treatment.
(TIF)
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