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Abstract

Aims: Hypoxia has adverse effects on renal development. This study was the first to test hypoxia-induced renal autophagy in rat
fetuses. Methods: Pregnant rats were exposed to hypoxia or normoxia during pregnancy and fetal kidneys were collected at
gestation day 21. Results: Fetal kidney weight and ratio of kidney—body weight were reduced. Histological analysis showed
enlargement in Bowman space and wider space between interstitia in the kidneys of fetus exposed to hypoxia. Fetal renal B-cell
lymphoma 2 (BCL-2) was decreased accompanied with higher 2'-deoxyuridine 5'-triphosphate nick end-labeling staining and
unchanged soluble FAS in the hypoxia group. Hypoxia increased autophagic structures, including autophagosomes and autolyso-
somes, in fetal kidneys and increased renal APG5L. There was an increase in renal LC3-Il, Beclin |, p-S6, hypoxia inducible factor
lo (HIF-1a), and ratio of LC3-II-LC3-| and a decrease in P62, protein kinase B (AKT), and phosphorylated AKT in the hypoxia
group. Both renal mammalian target of rapamycin (mTOR) and Beclin | signaling were upregulated. Conclusion: Hypoxia-

affected fetal renal development was associated with renal apoptosis and Beclin | signaling-mediated autophagy.
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Introduction

Sufficient oxygen is necessary for fetal development, and in
utero hypoxia can induce adverse effects on fetal develop-
ment.! A number of environmental and maternal factors,
including high altitudes, smoking, anemia, preeclampsia, pul-
monary diseases, and placental dysfunction or umbilical cord
problems, can cause intrauterine hypoxia.®® In turn, hypoxia
in utero plays critical roles in inducing fetal growth restriction
(FGR)’ and affecting the development of fetal important
organs such as the kidney.'*"!

Previous studies showed that nephrogenesis could be dis-
turbed by intrauterine hypoxia, leading to a low nephron
endowment.'! Moreover, intrauterine hypoxia influenced the
fetal renin—angiotensin system and fetal renal hemodynamic.'?
The renal development could be significantly affected by pre-
natal insults. For example, malnutrition during pregnancy
could cause abnormal development of the kidney and reduced
number of nephron.'*'* However, how hypoxia during preg-
nancy impacts on fetal renal development is still unclear. The
present study paid special attention on that topic.

In search for mechanisms of renal hypogenesis from exposure
to adverse intrauterine environment, previous work demonstrated
the roles of apoptosis.'>'® Apoptosis and autophagy are impor-
tant in embryos development.'® Apoptosis, which is known as
type I programmed cell death (PCD), plays an important role in
nephrogenesis.'>?° Recent studies showed that apoptosis was
adversely involved in renal development.”'"** Whether autop-
hagy, type I PCD, also contributes to impairment of nephrogen-
esis remains unknown. Furthermore, there is no information on
whether intrauterine hypoxia may affect autophagy in the fetal
kidney. Thus, the present study investigated whether and how
autophagy occurred in the fetal kidney following hypoxia.
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There are 2 important signaling pathways in the regulation of
autophagy. One is hypoxia inducible factor 1o (HIF-1a)/Bcl2/
adenovirusE1B19kD interacting protein 3 (BNIP3)/Beclin 1
pathway and the other is phosphoinositide-3-kinase (PI3K)/pro-
tein kinase B (AKT)/mammalian target of rapamycin (mTOR).**
The present study examined the key elements in both signal-
ing pathways associated with renal developmental problems.
Together, the present study tested the hypothesis that chronic
hypoxia during pregnancy may adversely affect renal devel-
opment related to renal autophagy in the rat fetus, aiming at
ascertaining (1) the pathophysiological changes in vivo in the
kidneys of term fetal rats following exposure to hypoxia; (2)
the chronic prenatal hypoxia’s effects on apoptosis and autop-
hagy in the kidneys; and (3) the mechanisms and pathways of
autophagy in these kidneys. The data gained provided novel
information on hypoxia-induced renal developmental risks
and the related mechanisms for kidney health problems in
fetal origins.

Methods

Experimental Animals and Hypoxia

All procedures and protocols used were approved by the
Institutional Animal Care Committee and followed the
guidelines by the National Institutes of Health. Time-dated
pregnant Sprague-Dawley rats were obtained from Experi-
mental Animal Center of Soochow University and randomly
divided into 2 groups: (1) normoxia (21.0% O,) as the con-
trol and (2) continuous hypoxic exposure (10.5% O,) from
day 4 to 21 of gestation. The animals were housed individu-
ally in acrylic cages. Hypoxia was achieved and maintained
by mixture of nitrogen gas and air. The flow of nitrogen was
adjusted to bring the percentage of oxygen in each hypoxic
chamber to 10.5%, which was continuously monitored with
an oxygen analyzer (S-450; IST-AIM, Texas). The nor-
moxia group was housed with just air flowing through the
chambers. Food and water were provided as desired. Preg-
nant dams were anesthetized with sodium pentobarbital
(100 mg/kg, intraperitoneal) at gestational day (GD) 21. A
small cut was made at the middle of abdomen of maternal
rats. Fetuses were removed and weighed immediately. Fetal
blood samples were collected in anticoagulation tube fol-
lowing decapitation, then fetal kidneys were isolated and
weighed. Blood samples were centrifuged, and serum
was used for measurements of albumin (ALB), uric acid
(UA), creatinine (CRE), and urea nitrogen (BUN) using the
enzyme colorimetric method.

The renal tissue of fetal rats was homogenized with 0.9% NaCl
(10 mL/g), enzyme inhibitors contained 0.3 mmol/L Na,-edetic
acid, 0.3 mmol/L dimercarptanol, and 0.3 mmol/L oxine sulfate.
The homogenates were boiled and centrifuged, and the superna-
tant extract was collected and sent to Sinouk Institute of Biologi-
cal Technology (Beijing, China) for soluble FAS (sFAS) and
APGS5L analyses by radioimmunoassay. The assays and data were
handled in a blind manner.

Histological Analysis

For tissue slide preparation, the kidneys were longitudinally
divided into 2 halves and fixed in 10% formalin. The fixed kid-
neys were embedded in paraffin and cut in 6 um sections, then
treated with 2 changes of xylene, 10 minutes each, and rehy-
drated in descending alcohol (absolute alcohol for 5 minutes,
95%, 85%, and 75% alcohol for 1 minute, sequentially). After
washing in distilled water, sections were stained in hematoxy-
lin solution for 5 minutes, counterstaining was done in
eosin—phloxine B solution for 2 minutes. The sections were
dehydrated through alcohol solutions and cleared in phenol
xylene. The slices were diagnosed with a Nikon L.150 micro-
scope(Nikon, Japan) by experienced pathologists at Pathology
Lab of Soochow University in a blinded manner. Images were
captured with an attached SPOT digital imaging system.

Transmitted Electron Microscopy

Renal samples for electron microscopy were fixed with 2%
glutaraldehyde and dehydrated in a graded series of alcohol,
then embedded in Epon 812 (sigma, USA). Ultrathin sections
were cut with an ultramicrotome (Ultract N; Reichert-Nissei,
Tokyo Japan), followed by addition of 2% uranyl acetate and
lead citrate and then photographed under a Hitachi Hu-12A
transmission electron microscope (Tokyo, Japan).

DNA Fragmentation

The 2’-deoxyuridine 5'-triphosphate nick end-labeling (TUNEL)
technique was used to discriminate apoptotic nuclei by the termi-
nal deoxynucleotidyl transferase (TdT)-mediated TUNEL tech-
nique (One Step TUNEL Apoptosis Assay Kit; Beyotime). The
sections were incubated in dark moist boxes for 60 minutes at
37°C with TdT to label-free 3’-OH DNA termini with digoxi-
genin nucleotides, and the reaction was stopped by immersing
the slide in wash buffer for 10 minutes at room temperature.
After 3 phosphate-buffered saline washes, the slices were
observed under fluorescence microscopy.

Western Blotting Analysis

The tissues of kidneys were cut into pieces and homogenized in
lysis buffer containing 20 mmol/L hydroxyethyl piperazineetha-
nesulfonic acid, 10 mmol/L KCI, 1.5 mmol/L MgCl,, I mmol/L
EDTA, 1 mmol/L dithiothreitol, 1 mmol/L phenylmethylsulfonyl
fluoride, and 2 g/mL aprotinin, pH 7.4, followed by incubation on
ice for 30 minutes. The homogenates were ultrasonicated, fol-
lowed by centrifugation (Eppendorf model 5417R, Eppendorf,
Hamburg) at 12 000 revolutions/min for 15 minutes at 4°C. Sam-
ples with equal protein (80 pg) were loaded on polyacrylamide
gel and separated by electrophoresis at 100 V. Proteins were then
transferred onto nitrocellulose membranes.

Nonspecific binding was blocked in Tris-buffered saline +
0.2% Tween-20 containing 5% dry milk for 2 hours at room
temperature. The membranes were incubated with primary
polyclonal antibody LC3 (1:800; Abcam, Cambridge), p62
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Table I. Fetal Serum Values.?

Control Hypoxia
CRE, pmol/L 61.48 + 1.46 61.89 + 1.28
UA, pumol/L 15241 + 11.95 153.2 + 9.75
BUN, mmol/L 5.1 + 0.328 6.24 + 0.32°
ALB, g/L 2267 + 1.90 22.84 + 1.31

Abbreviations: ALB, albumin; BUN, urea nitrogen; CRE, creatinine; UA, uric
acid.

? Control (n = 15) and hypoxia (n = 16).

bp < 05.

(1:1000; American Research Products, Belmont, Massachu-
setts), HIF-1o (1:1000; Abcam, Cambridge), Beclin 1 (1:500;
Santa Cruz Biotech, Santa Cruz), p-S6 (1:300; Santa Cruz Bio-
tech, Santa Cruz), B-cell lymphoma 2 (BCL-2; 1:1000; Milli-
pore, Millipore, Temecula), protein kinase B (AKT; 1:1000;
Abcam, Cambridge), and phosphorylated AKT (p-AKT;
1:1000; Abcam, Cambridge) overnight at 4°C. The membranes
were then incubated with secondary horseradish peroxidase-
conjugated goat antirabbit antibody (1:4000). Protein bands
were visualized with enhanced chemiluminescence reagents,
and the blots were exposed to Hyperfilm (Amersham Bios-
ciences, Uppsala, Sweden). Relative density of bands was nor-
malized to B-actin as a control. Results were quantified by the
Kodak electrophoresis documentation and analysis system with
Kodak ID image analysis software (Eastman Kodak company,
Rochester).?

Statistical Analysis

All data from experiments were expressed as means + stan-
dard error of the means. Differences were evaluated for statis-
tical significance (P < .05) by ¢ test or 2-way analysis of
variance followed by Tukey test, where appropriate.

Results

Renal Function Assay

There was no difference in fetal ALB, UA, and CRE between
the normoxia and hypoxia groups. However, fetal serum BUN
was higher in the hypoxia group than that of the control
(Table 1).

The Effect of Chronic Hypoxia on Fetal Kidney Weight
and Body Weight

Maternal chronic hypoxia significantly decreased fetal body
weight (3.741 + 0.066 vs 2.477 + 0.095 g, n = 90-93, from
8 mothers each group, P < .05). There was significant differ-
ence in fetal kidney weight between the control and the hypoxic
animals (34.320 + 2.338 vs 21.590 + 1.947 mg, P <.05). The
ratio of kidney-to-body weight in the hypoxia fetuses was
significantly reduced (9.234 + 0.099 vs 7.459 + 0.144 mg/g,
P < .05; Figure 1).

Histological Changes

Compared with the control, the histological changes in the fetal
kidney of the hypoxia group were mainly located in the cortical
zone, including the glomeruli and interstitium. No significant
changes were observed in the medullary zone of the kidneys.
The notable histological changes included that the interstitium
was much wider and the cells in the interstitium increased in
hypoxia fetal kidneys (Figure 2A and B). In the glomeruli, the
Bowman space was obviously enlarged, while the sizes of the
solid parts in the glomeruli were reduced in the fetuses exposed
to hypoxia (Figure 2C and D). Under microscopy, it appeared
that the number of glomeruli (Figure 2A and B) and parenchy-
mal cells in glomeruli (Figure 2C and D) was decreased in the
hypoxia group.

The Effect of Chronic Hypoxia on Apoptosis

The chronic hypoxia-induced apoptosis was analyzed by sFAS
assay, Western blotting analysis of BCL-2 protein, as well as
TUNEL staining. There was no difference in fetal renal sSFAS
as an inhibitor of apoptosis between the normoxia and the
hypoxia groups (2.44 + 0.19 vs 2.55 + 0.18 ng/mL,
P > .05; Figure 3). Chronic prenatal hypoxia decreased
BCL-2 protein (Figure 4) in the fetal kidney. The TUNEL
staining showed that the positive-stained cells increased
greatly, indicating an increase in dead cells (Figure 5).

The Effect of Chronic Hypoxia on Autophagy

Autophagic vacuoles in renal tissue with transmitted electron
microscopy. Podocyte foot process was flat and decreased in the
glomeruli of the hypoxic fetuses (Figure 6A and B). Trans-
mitted electron microscopy (TEM) also showed that vacuolar
structures containing cytoplasm were clearly encircled by dou-
ble membrane structures, resembling autophagosomes and
autophagolysosome, in podocytes in the hypoxia group. There
was rare or no autophagosome or autophagolysosome in the
control. The mitochondria were swollen and deformed in
the hypoxic group (Figure 6C and D).

The autophagic proteins in the fetal kidney. To further determine
the autophagic activity in the fetal kidney, we examined the key
proteins in the renal tissue. Fetal renal LC3-II (16 KD) was
increased, while LC3-I (18 KD) unchanged in the hypoxia
group. The ratio of LC3-II-LC3-I was also increased (Figure 7).
The expression levels of renal p62 protein, a well-known
autophagic substrate, were significantly decreased in the
hypoxia fetus. There was an increase in fetal renal APG5L in
the hypoxia groups compared to the control (6.65 + 0.62 vs
8.74 + 0.42 pg/mL, P < .05; Figure 3).

The autophagic-related signaling proteins in the fetal kidney. HIF-
1o/BNIP3/Beclin 1 and PI3K/AKT/mTOR are 2 important
signaling pathways of autophagy. We measured the levels
of S6 phosphorylation, a downstream target of mTORCI] that
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Figure |. Fetal kidney, body weight, and ratio of kidney—body weight at gestation day (GD) 21 following exposure to hypoxia. *, P < .05.

Figure 2. The fetal renal cortex showed immature glomeruli (nonvascularized) in the cortical periphery and mature (vascularized) glomeruli mostly
in the deep cortex in all groups (A and C: control; B and D: hypoxia. A and B: x 10; C and D: x40). The interstitium in the hypoxia group was much
wider than that of the control, and cells in the interstitium was obviously increased (A and B). The Bowman space was enlarged, while the size of the
solid core of the glomeruli was reduced, and the number of parenchymal cells of partial glomeruli was decreased in the fetuses exposed to hypoxia (C
and D). Solid arrow: immature glomeruli; open arrow: mature glomeruli; dotted line arrow: the Bowman space. IN indicates interstitium.

is frequently used as an in vivo indicator for mTORCI activ-
ity. Prenatal hypoxia upregulated Beclin 1 and p-S6 (Figure
4). Analysis showed that the total amount of HIF-1a protein
in the fetal kidney was significantly increased following
chronic exposure to hypoxia during pregnancy, while levels
of renal AKT and p-AKT protein were decreased in the
hypoxic fetuses (Figure 4).

Discussion

Although previous studies have shown that hypoxia in utero
could result in developmental problems, including growth
restriction of fetuses and fetal important organs,'™ underlying
mechanisms for hypoxia-induced renal problems are unknown.
To the best of our knowledge, this study is the first to investigate
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Figure 3. Fetal renal soluble FAS (sFAS) and APG5L. Control (n = 15)
and hypoxia (n = 16). *, P < .05.

renal autophagy in the fetus exposed to hypoxia and demon-
strates that chronic prenatal hypoxia had a negative influence
on the fetal renal development, which is likely associated with
an upregulated renal autophagy in the fetal kidney, and the pos-
sible mechanism involved may include the Beclin 1 pathway.

In the present study, percentage levels of fetal Po, and oxy-
gen saturation at GD21 were significantly altered in the
hypoxia environment as previously reported,”® indicating fetal
hypoxia occurred in utero. Hypoxia caused a significant
decrease in fetal body weight. Given that maternal food intake
and body weight in the hypoxic group were not significantly
decreased,”’ the FGR observed in the present study was likely
caused by hypoxia. In the present study, the hypoxia also
resulted in a decrease in fetal kidney weight and the ratio of
kidney-to-body weight. It has been shown that fetal hypoxia
resulted in a decrease in amniotic fluid production and redistri-
bution of fetal blood flow accompanied with a decrease in per-
fusion to the kidney.”® In the present study, histological
changes were observed in kidneys of the fetuses following
hypoxia. Those renal changes included wider interstitium,
enlarged Bowman space, flat and decreased podocyte foot pro-
cess, and swelling and deformed mitochondria, suggesting an
increased risk in the development of renal diseases. In addition,
fetal renal functions were evaluated by determination of blood
ALB, UA, BUN, and CRE. We found that fetal serum BUN
was higher in the hypoxia than that of the normoxia, indicating
possibility of injured renal functions.

In determination of the mechanisms for prenatal insults-
induced fetal renal problems, recent studies have demonstrated
that apoptosis may contribute to reduced nephron number during
the early periods of development by environmental or in utero
insults.**72° Both Welham et al** and Vehaskari et al*’ used
experimental models of low-protein diets to induce FGR and
demonstrated increased renal apoptosis that may be related to the
poor development of nephrons. Other study showed that utero-
placental insufficiency could cause apoptosis in the kidney in the
full-term FGR.** In mediating the formation of condensations of
cells that are “committed” to differentiated structures, BCL-2
has been suggested particularly important.*' In the present study,
BCL-2 protein was significantly decreased in the fetal kidney by

the hypoxia, indicating hypoxia-induced apoptosis in the kidney.
FAS is a widely expressed membrane-anchored protein that can
induce apoptosis.® Soluble FAS, generated by alternative mes-
senger RNA splicing, can antagonize cell-surface FAS functions
by combination with FAS ligand (FASL). The present study
showed no changes in sFAS levels in the fetal kidney, which
at least suggested that the possibility for sSFAS/FASL pathway
involved in the hypoxia-induced apoptosis in the fetal kidney
was weak. It appeared that a decreased renal BCL-2 protein
might play an important role in the hypoxia-induced apoptosis
in the fetal kidney. The TUNEL staining showed that the
positive-stained cells were significantly increased in the fetal
kidney in the hypoxia fetus, indicating apoptosis in the fetal kid-
ney, and an increase in dead cells could be one of the reasons for
the observed histological changes.

There is a complex cross talk between autophagy and apop-
tosis.'> Recent studies showed that despite the marked
differences between these 2 processes, their regulation is inti-
mately connected, and the same regulators can sometimes con-
trol both apoptosis and autophagy.

Autophagy is a key mechanism in various pathophysiologi-
cal processes, including development, tumorigenesis, cell
death, and survival.**** When cells encounter environmental
stresses, such as nutrient starvation, oxidative stress, hypoxia,
radiation, pathogen infection, or anticancer drug treatments, the
level of autophagy can be dramatically augmented as a cyto-
protective response, resulting in adaptation and survival >*3*
However, dysregulated or excessive autophagy may lead to cell
death directly. In the present study, we assayed autophagic
changes in the fetal kidney following the hypoxia, using TEM
and Western blot analysis. As indicated earlier, since this was
the pioneering study on fetal renal autophagy caused by the
hypoxia, following novel data were achieved: the hypoxia
increased renal LC3-II, while decreased p62, in the fetus.
LC3 is a mammalian homolog of yeast Apg8 that initially
yields a cytosolic form LC3-I, which is converted to LC3-II
during the formation of autophagosomes.*> LC3-II is the only
known protein which is recruited to both inner and external sur-
faces of the expanding autophagosomal membranes and specif-
ically associates with autophagosomes and not with any other
vesicular structures. As a signaling hub, p62 coordinates the
processes required for metabolic homeostasis. Recently, p62
protein has been suggested to interact with ubiquitinated pro-
teins and LC3, which may regulate the selective autophagic
clearance of protein aggregates.*® The present study showed
that the hypoxia affected the fetal renal autophagic proteins.
The hypothesis of upregulation of autophagy was further sup-
ported by morphological changes observed with TEM testing.
Autophagosomes and autophagolysosomes of podocytes were
significantly increased in the hypoxic fetus. Autophagosome
is the morphological hallmark of autophagy. Transmitted elec-
tron microscopy is an effectual and important method for both
qualitative and quantitative analyses of changes in various
autophagic structures such as autophagosome and autolyso-
some.’” In the present study, hypoxia resulted in an increase
in APG5L (autophagy-related gene 5 [ATGS]) in the fetal
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Figure 4. The effect of chronic hypoxia on signaling proteins of autophagy and apoptosis in the fetal kidney. *, P < .05.

Figure 5. The number of apoptosis cells apparently increased with the enhanced number of positive 2'-deoxyuridine 5'-triphosphate nick end-
labeling (TUNEL) staining (white dots, x20) in the fetal kidneys following hypoxia. A, Control and (B) hypoxia.

kidney. ATGS5 has been characterized as a factor required for
autophagy38 and demonstrated a direct interaction between
Atg5 and Atgl6 crucial to process of autophagy.*®
HIF-10/BNIP3/Beclin 1 and PI3K/AKT/mTOR are 2
important signaling pathways involved in the regulation of
autophagy. Either the active HIF-1o/BNIP3/Beclin 1 or the
inhibition of PI3K/AKT/mTOR pathways can upregulate
autophagy.”* Therefore, we examined both pathways in the
present study. Following exposure to hypoxia, there was a sig-
nificant increase in the levels of Beclin 1 and HIF-1a. Beclin 1
(Atgb) is a key protein shown to be involved in the regulation
of autophagy.*® Several studies*'™** indicated that hypoxia
could selectively induce autophagy of mitochondria but not

endoplasmic reticulum, and that HIF-1a-mediated expression
of BNIP3 played an important role in the induction of
hypoxia-induced mitochondrial autophagy by interfering the
interaction of Beclin 1 with BCL-2. Another important autop-
hagic pathway is mTOR. Mammalian target of rapamycin that
downregulates autophagy®’ is an conserved protein kinase
and forms 2 functional complexes, termed mTOR complex
(mTORC) 1 and mTORC2.*® Mammalian target of rapamycin
complex 1 regulates cellular processes including cell growth,
proliferation, and autophagy in response to nutrients such as
amino acids, glucose, and growth factors.*” To examine
mTORCI activity in glomerular cells, we measured the levels
of S6 phosphorylation, a downstream target of mTORCI1 that
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Figure 6. High magnification of transmitted electron microscopy (TEM) showing structures of autophagosomes (AP), autolysosomes (AL), and
mitochondria (M) in the fetal kidney. A and B, Glomerulus (scale bars: 2 um); C and D, podocyte (scale bars: 0.5 um). A and C, Control; Band D,
hypoxia. Black arrow: podocyte foot process; arrow with white surrounding: autolysosomes (AL). PC indicates podocyte.
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Figure 7. Fetal renal autophagic protein (LC3) following exposure to
hypoxia. *, P < .05.

is used as an in vivo indicator for mTORCI1 activity. The acti-
vated mTOR signaling can inhibit autophagy. In the present
study, p-S6 protein was increased by the hypoxia, while the
upstream proteins of mTOR such as AKT and p-AKT were
decreased. The decrease in AKT and p-AKT was supposed
to lead to a decrease in mTOR. However, the present study
showed an opposite response, a significant increase instead
of decrease in p-S6, indicating a reduction in activity of
mTOR pathway. To confirm this unexpected result, we
repeated the experiments again and again under experimental
conditions, including change in the antibodies and their work-
ing concentrations, incubation time, and temperatures. The
result was still consistent and confirmed. Then we speculated
that there might exist another unknown upstream signaling
affected by the hypoxia and eventually upregulated mTOR.
Although mTOR pathway could be excluded for the renal
autophagy in the present study, it appears that the hypoxia
upregulated autophagy in the fetal kidney may mainly rely
on the Beclin 1 signaling pathway. The upregulated mTOR
signaling, which could be against autophagy, maybe a
negative-feedback loop as a cell’s self-protective mechanism.
This opens new opportunities for further investigation.
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Autophagy mediates degradation and recycling of cytoplas-
mic constituents to maintain cellular homeostasis. In response
to stress, autophagy could act as a mechanism for cell survival
while it may also induce cell death under certain conditions.*®
Gozuacik et al*” suggested that autophagy might serve as a sec-
ond cell-killing mechanism that acted in concert with apoptosis
to trigger kidney damage in tunicamycin-treated mice. Under
hypoxic conditions, cultured human kidney 2 (HK-2) cells
showed autophagic cell death, and inhibition of autophagy
by 3-methyladenine or treatment with a mixture of lysoso-
mal inhibitors protected HK-2 cells from cell death.'® The
present study demonstrated both apoptosis and autophagy
involved in the developmental kidney of the fetus exposed
to the hypoxia. Cross-regulation between autophagy and
apoptosis raises an interesting possibility that signaling acti-
vated during autophagy may interfere with or compromise
cell death pathways.lg’so’51 The data gained provided oppor-
tunities to speculate that the autophagy might cooperate
with apoptosis in adversely affecting renal development by
the hypoxia in the fetus.

The discovery that hypoxia in utero causes hypogeneis of
the kidneys, death of certain renal cells, and reduction in renal
functions may have important medical implications. In
humans, various pathophysiological conditions during preg-
nancy may cause a reduction in oxygen supply to or borderline
hypoxia in the fetus. As the body ages, there are significant
losses of renal mass and functions. Thus, it merits further study
on longer term effects of low fetal oxygen supply using rats.

In summary, the present study demonstrated that prenatal
hypoxia adversely affected the renal development in the
fetus as evidenced with decreased fetal kidney weight and
ratio of kidney-to-body weight, which was supported by the
finding in the histological changes and renal apoptosis.
Most importantly, in the determination of the underlying
mechanisms, the present study showed fetal renal autophagy
associated with hypoxia-induced apoptosis, and the Beclin 1
signaling pathway, not mTOR pathway, might play a critical
role in the hypoxia-produced autophagy in the fetal kidney.
The novel data gained provide important information for the
possible targets in future study of early prevention of renal
diseases induced by prenatal insults in developmental
origins.
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