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Abstract: Lead (Pb), a highly poisonous heavy metal and an important occupational hazard, is currently a wide-
spread environmental pollutant. The kidney is especially susceptible to the toxic effects of Pb because of its major
role in Pb excretion. Heme oxygenase-1 (HO-1) is an inducible antioxidant enzyme that can mitigate cellular injury.
However, its role in Pb-elicited nephrotoxicity remains uncertain. This study was designed to examine the role of HO-1
in lead acetate (PbAc)-induced renal tubular cell injury in vitro. PbAc injury was found to suppress HO-1 expression
and impair cell viability, with concomitant depletion of the autophagy proteins LC3-Il and Beclin 1. Overexpression
of HO-1 dramatically restored autophagy and protected cells against PbAc-induced apoptosis. In addition, pretreat-
ment with 3-methyladenine, an inhibitor of autophagy, aggravated apoptosis and abolished renoprotection by HO-1,
suggesting that the anti-apoptotic effect of HO-1 in Pb-induced nephrotoxicity is dependent on enhanced autophagy.
Furthermore, HO-1 overexpression abrogated the inhibitory effect of PbAc on the adenosine monophosphate-ac-
tivated protein kinase (AMPK)/mammalian target of rapamycin (mTORC1) signaling pathway. Pretreatment with
an AMPK agonist, 5-aminoimidazole-4-carboxamide-1--D ribofuranoside, markedly enhanced autophagic activity
and diminished apoptosis. Conversely, inhibition of AMPK phosphorylation abolished the pro-autophagic and anti-
apoptotic effects of HO-1 in PbAc-injured cells. Our findings suggest that HO-1 alleviates Pb-induced nephrotoxicity
via enhanced autophagy, which involves activation of the AMPK/mTORC1 signaling pathway.
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Introduction

Lead (Pb) is one of the most important en-
vironmental pollutants, and ingestion of Pb-con-
taminated food or water or the inhalation of pol-
luted air in areas with heavy traffic or industrial
emissions may cause malfunction of a number
of organ systems [1, 2]. Although the incidence
of occupational lead exposure has been greatly
reduced, other sources of lead exposure that
have been identified include cosmetics, paints,
solders, hair dyes, shielding for X-ray machines,
etc. [3]. With a biological half-life of about 10
years, Pb is excreted extremely slowly, and
tends to accumulate in the body. Because Pb
circulating in the blood accumulates in the kid-

ney via glomerular filtration and tubular reab-
sorption, the kidney is a major target organ for
lead toxicity. Pb-induced kidney toxicity results
in reduced glomerular filtration rate (GFR), tubu-
lar atrophy, interstitial fibrosis, and chronic
renal failure [4, 5]. In patients with chronic kid-
ney disease (CKD), exposure to even low doses
of Pb may aggravate kidney dysfunction and
accelerate progressive renal insufficiency [5,
6]. Pb may exert potent toxic effects by inducing
oxidative stress [7], activating inflammatory sig-
naling cascades [8], and promoting the mito-
chondrion-mediated apoptosis pathway [9].
Although previous studies have revealed the
mechanisms underlying Pb-induced tissue inju-
ry, there is still no effective treatment.
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Heme oxygenase-1 (HO-1) (EC 1.14.99.3), an
inducible enzyme involved in the degradation of
heme, also has potent antioxidant, anti-inflam-
matory, anti-fibrotic, and anti-apoptotic proper-
ties in diverse human and animal diseases
[10-14]. Previous studies confirmed that upreg-
ulation of HO-1 attenuated nephropathy, where-
as HO-1 knockout aggravated renal toxicity
induced by methotrexate or Cyclosporine-A [15-
17]. In mouse models of diabetic nephropathy,
the promotion of HO-1 signaling eliminated
reactive oxygen species and reduced apopto-
sis, thereby alleviating renal pathology [18].
HO-1 also mediates renoprotection in acute
kidney injury (AKI) via regulation of several dif-
ferent pathways [19]. In rats that were given a
single injection of lead acetate (PbAc), HO-1
expression increased rapidly. Lipid peroxide
levels increased in the kidney cortex following
the injection, and were enhanced by an HO-1
inhibitor [20]. In contrast, HO-1 concentration
was reduced in rats chronically exposed to oral
PbAc for three months, and the decrease was
associated with oxidative stress, inflammation,
and apoptosis, as well as histopathological
changes in the kidney. Co-administration of
agents, which upregulated HO-1, alleviated
Pb-induced nephrotoxicity [21]. While these
findings suggest that HO-1 plays a renoprotec-
tive role after Pb exposure, biphasic changes in
HO-1 expression occur following acute and
chronic Pb exposure.

Autophagy is a highly conserved cellular pro-
cess to recycle cellular components, and to
eliminate damaged organelles, proteins, and
lipids, in order to maintain homeostasis and
cellular integrity. A large number of studies
have demonstrated the renoprotective effects
of autophagy in AKI and CKD [22]. However, a
recent study showed that inhibition of autopha-
gic flux may contribute to Pb-induced injury
in primary rat proximal tubular cells [28].
Activating the HO-1 signaling pathway has been
found to increase the autophagy marker pro-
teins light chain 3 Il/1 (LC3-Il/1) and Beclin 1,
and to inhibit apoptosis in H,O,-injured renal
tubular epithelial cells [23]. Pretreatment of
podocytes with HO-1 agonist induced autopha-
gy and protected the cells from injury due to
high glucose in vitro, whereas HO-1 knockout
repressed activation of autophagy and aggra-
vated high glucose-elicited podocyte injury [24,
25]. In contrast, Xu et al. suggested that HO-1
protected glomerular mesangial cells against
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H,0,-induced apoptosis by reducing excessive
autophagy [26]. Similarly, upregulation of HO-1
attenuated autophagy-related necrosis induced
in lung epithelial cells by airborne fine particu-
late matter 2.5 [27]. Thus, the relationship
between HO-1 and autophagy may differ
depending on the disease model, and the role
of HO-1-modulated autophagy in Pb-induced
nephrotoxicity is poorly understood.

The highly conserved energy-sensing kinase,
AMPK, regulates a wide variety of metabolic
processes, including the autophagic pathway
[29, 48]. AMPK antagonizes mTORC1, thus pro-
moting recruitment of autophagy-related pro-
teins to form the autophagosome. Phosphory-
lation of AMPK increased after treatment with
HO-1 agonist in podocytes exposed to high glu-
cose. Moreover, inhibition of AMPK reversed
the upregulation of autophagy by HO-1 and
aggravated cellular injury [24], suggesting that
renoprotection by HO-1 likely involves enhance-
ment of autophagy via activation of the AMPK
signaling pathway.

In this study, HO-1 expression and autophagic
activity were examined in HK-2 human renal
tubular cells after PbAc injury. In addition, we
evaluated whether HO-1 attenuated PbAc-
induced cell injury via modulation of autophagy
and examined whether the AMPK pathway was
involved in HO-1-regulated autophagy.

Materials and methods
Reagents and antibodies

Dulbecco’s modified Eagle’s medium (DMEM/
F12) (1:1), fetal bovine serum (FBS), and antibi-
otic-antimycotic solution were purchased from
Gibco. PbAc, 3-methyladenine (3-MA), 5-ami-
noimidazole-4-carboxamide-1-3-D-ribofurano-
side (AICAR), and Compound C were purchased
from Sigma-Aldrich. Anti-HO-1 and anti-GAPDH
were purchased from Santa Cruz, anti-LC3
and anti-Beclin 1 were from Sigma-Aldrich, and
anti-cleaved caspase-3, anti-phospho-AMPK,
anti-AMPK, anti-phospho-mTOR and anti-mTOR
were from Cell Signaling Technology.

Cell culture

Immortalized human renal proximal tubular
cells (HK-2) were purchased from American
Type Culture Collection. Cells were grown in
DMEM/F-12 medium supplemented with 10%
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FBS containing 1:100 dilution of antibiotic-anti-
mycotic solution at 37°C in a 5%-CO, incubator,
and treated with PbAc after 24 hours (h). To
determine the optimal concentration and dura-
tion of PbAc treatment, cells were exposed to
varying concentrations (0, 5, 50, or 200 umol/L)
for varying periods of time (O, 24, 48, 72 h). In
subsequent experiments, cells were incubated
with 50 umol/L PbAc for 48 h. Autophagy inhibi-
tor 3-MA, AMPK agonist AICAR, or AMPK inhibi-
tor Compound C were added 1 h before PbAc
treatment.

HO-1 plasmid transfection

Plasmid pcDNA3-smURFP-IRES-HO-1, encod-
ing human HO-1 (hHO-1), was a gift from Erik
Rodriguez & Roger Tsien [30]. Cells (2 x 10°)
were transfected using Lipofectamine 3000
(Invitrogen) according to the manufacturer’'s
protocol, cultured for 24 h, and processed for
immunoblot assay to evaluate transfection
efficiency.

Cell viability assay

Cell viability was detected using a Cell Counting
Kit-8 (Dojindo Molecular Technologies) accord-
ing to the manufacturer’s instructions. Absor-
bance at 450 nm was measured using a micro-
plate reader. Mean optical densities of treated
cells were calculated after subtracting the
absorbance of blank (medium) from the total
absorbance value.

Immunoblot analysis

Protein concentrations of whole cell lysates
were determined using Pierce bicinchoninic
acid reagent (Thermo Fisher). Equal amounts of
protein samples were electrophoresed in sodi-
um dodecyl sulfate-polyacrylamide gradient
(5-15%) gels and transferred to nitrocellulose
membranes (Millipore). After blocking for 1 h
with 5% bovine serum albumin at room temper-
ature, membranes were incubated overnight
with anti-HO-1, anti-LC3, anti-Beclin 1, anti-
cleaved caspase-3, anti-phospho-AMPK, anti-
AMPK, anti-phospho-mTOR, anti-mTOR, or anti-
GAPDH antibodies at 4°C with gentle shaking.
Subsequently, the membranes were incubated
with peroxidase-linked secondary antibody for
1 h at room temperature. Immunoreactive
bands were detected using chemiluminescent
substrate (Thermo Fisher). Bands were scanned
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using a densitometer, and the integrated pixel
densities were determined using ImageJ analy-
sis software. The data are expressed as mean
+ standard deviation.

Evaluation of autophagy by electron micros-
copy

Cells were fixed overnight in 2% glutaraldehyde
at 4°C, and post-fixed with 2% O0sO, for 2 h. The
blocks, which had been embedded in araldite,
were cut into ultrathin sections (50 nm) using a
microtome and were stained with uranyl ace-
tate and lead citrate. Cell ultrastructure was
observed using a JEM-1010 electron micro-
scope (JEOL, Tokyo, Japan). Autophagosome
numbers were counted in ten randomly select-
ed high-power fields per section.

Statistical analysis

Statistical analysis was performed using the
GraphPad Prism software (version 6.0). Com-
parison of data from multiple groups was per-
formed using one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc tests. Cell
viability data were analyzed by two-way ANOVA
followed by Bonferroni’s test. Data from two
groups were analyzed by Student’s t test. P <
0.05 was considered statistically significant.

Results

PbAc treatment impaired HK-2 cell viability
and suppressed HO-1 expression in a time-
and dose-dependent manner

Kidney, as a key organ of excretion of toxicants,
appears to be a primary site for the accumula-
tion of Pb [31], whose toxic effects in the kidney
are mainly manifested as renal tubular dam-
age. The viability of HK-2 cells exposed to PbAc
was impaired significantly by treatment with 50
or 200 umol/L PbAc, compared with untreated
cells at the same time points (P < 0.05, Figure
1A). Viability at 200 pmol/L PbAc was more
diminished than that at 50 umol/L PbAc at the
same time point (P < 0.05). In addition, cell via-
bility decreased progressively over time at 50
umol/L PbAc (P < 0.01).

HO-1 plays an important role in regulating oxi-
dative stress, inflammation, and apoptosis, and
is protective in a variety of human and animal
models of kidney diseases. However, the role of
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Figure 1. Expression of HO-1, viability, and autophagy activity were reduced in PbAc-injured HK-2 cells. (A) Cells were
treated with the indicated concentrations of PbAc, and cell viability was measured after O, 24, 48 or 72 h. Viability
decreased versus time and in a concentration-dependent manner. *P < 0.05 versus no PbAc at the same time
point; #P < 0.05 versus 50 pmol/L PbAc at the same time point; P < 0.01 versus 50 pmol/L PbAc for 48 h (n = 6);
(B) Cells were treated with 50 pmol/L PbAc, and expression of HO-1, LC3-Il, and Beclin 1 were evaluated by immu-
noblotting. GAPDH served as a loading control. Abundance of HO-1 (C), LC3-II (D), and Beclin 1 (E) were determined
by densitometric analysis of immunoblots, and normalized to GAPDH levels. The expression of HO-1 and LC3-Il, as
well as Beclin 1, decreased persistently following 48 or 72 h of PbAc treatment. *P < 0.01 versus O h; #P < 0.01
versus 24 h treatment; P < 0.05 versus 48 h treatment (n = 6).

HO-1 in Pb-induced kidney injury is still unclear. and Beclin 1, two markers of autophagy, were
Levels of HO-1 in HK-2 cells after PbAc injury expressed basally in HK-2 cells and that levels
were determined by immunoblot assay (Figure of both proteins decreased significantly after
1B, 1C). HO-1 expression was reduced from ini- PbAc treatment for 48 or 72 h (Figure 1B, 1D,
tial levels after PbAc treatment for 24 h, 1E). To determine the relationship between
although the difference was not statistically HO-1 and autophagy in PbAc-induced renal
significant. This effect persisted following 48 h tubular cell injury, cells were transfected with a
and 72 h treatment (Figure 1B, 1C). Collectively, plasmid encoding human HO-1 or with empty
these data suggest that PbAc exposure vector (EV), followed by PbAc treatment for 48
impaired cell viability and reduced HO-1 levels h. HO-1 transfection improved autophagic
in a dose- and time-dependent manner. activity after PbAc injury, as indicated by
Treatment with 50 pmol/L PbAc for 48 h was increased LC3-1l and Beclin 1 expression de-
used in subsequent experiments. tected by immunoblot assay (Figure 2A, 2C,
2D). This was accompanied by marked improve-
Overexpression of HO-1 attenuated PbAc- ment in apoptosis (Figure 2A, 2E).

induced apoptosis by enhancing autophagy
To validate the immunoblotting results, trans-

Autophagy is an essential cellular process mission electron microscopy was employed to
involving degradation and recycling of cytoplas- measure autophagic vacuole formation. In cells
mic components, misfolded proteins, and dam- transfected with EV, PbAc treatment diminished
aged organelles to maintain intracellular the number of autophagosomes relative to
homeostasis [32-34]. Although many studies vehicle (P < 0.05, Figure 2F, 2G). Autophagic
suggest that autophagy is involved in the patho- vacuole formation increased significantly in
genesis of kidney disease, the role of autopha- cells overexpressing HO-1 following PbAc injury
gy in Pb-induced renal tubular cell apoptosis (P < 0.01). These results suggest that overex-
remains to be elucidated. We found that LC3-I pression of HO-1 improved cellular apoptosis,
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Figure 2. Overexpression of HO-1 enhanced autophagy and diminished apoptosis after PbAc injury. Cells were transfected with plasmid encoding human HO-1 (hHO-
1) or empty vector (EV) 24 h before treatment with 50 pmol/L PbAc or vehicle for 48 h. (A) Expression of HO-1, LC3-ll, Beclin 1, and cleaved caspase-3 were evalu-
ated by immunoblot analysis, with GAPDH as a loading control. Levels of HO-1 (B), LC3-II (C), Beclin 1 (D), and cleaved caspase-3 (E) were estimated by densitometric
analysis. HO-1 transfection abrogated the reduction of LC3-Il and Beclin 1, and increased caspase-3 cleavage induced by PbAc treatment. *P < 0.05 versus EV and
vehicle treatment; P < 0.05 versus EV and PbAc treatment (n = 6). (F) Transmission electron microscopic demonstration of autophagosomes (black arrowheads);
scale bar = 2 uym. (G) In cells overexpressing HO-1, autophagosome counts per high-power field increased significantly following PbAc injury. *P < 0.05 versus EV
and vehicle; *P < 0.01 versus EV and PbAc treatment (n = 6).
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enhanced autophagic activity, and played a
protective role in PbAc-induced renal tubular
cell injury.

Inhibition of autophagy sensitized cells to
PbAc-induced apoptosis and abolished the
protective effect of HO-1

To further delineate the relationship between
autophagy and PbAc-induced apoptosis, cells
were pretreated with the autophagy inhibitor
3-MA, and apoptosis as well as autophagy were
analyzed. As expected, 3-MA application fur-
ther reduced LC3-ll and Beclin 1 expression
after PbAc treatment, accompanied by en-
hanced elevation of caspase-3 cleavage (Figure
3A-D). To clarify whether autophagy contribut-
ed to the anti-apoptotic effect of HO-1 in PbAc-
injured renal tubular cells, human HO-1 plasmid
was transfected prior to treatment with 3-MA
and PbAc. As indicated in Figure 3E, 3F, despite
HO-1 overexpression, 3-MA, in combination
with PbAc, resulted in aggravated caspase-3
cleavage, suggesting that the inhibition of
autophagy abolished the anti-apoptotic effect
of HO-1 in PbAc-induced renal tubular cell
injury.

HO-1 enhanced autophagy by activating the
AMPK/mTORC1 signaling pathway in PbAc-
induced renal tubular cell injury

Although many signaling pathways may influ-
ence autophagy, the two pivotal regulators of
autophagic degradation are the closely con-
nected signaling transducers mTORC1 and
AMPK. AMPK can negatively regulate mTORC1
activity, leading to increased autophagy. AMPK
phosphorylation and phosphorylation of mTOR
Ser 2448 mediate the mTORC1 signaling path-
way. To determine whether AMPK/mTORC1 was
involved in HO-1-promoted autophagy in PbAc-
induced renal tubular cell injury, immunoblot
assays were used to detect the phosphorylated
forms of AMPK and mTOR (Figure 4A-C).
Changes in phosphorylation of AMPK and
mTOR indicated that the AMPK/mTORC1 signal-
ing pathway was inhibited after PbAc treatment
in EV-expressing cells, but was activated with
HO-1 overexpression. In PbAc-treated cells,
AMPK phosphorylation was activated by AICAR,
an established pharmacological agonist of
AMPK, and mTOR phosphorylation was
decreased (Figure 5A-C). Moreover, treatment
with PbAc in the presence of AICAR led to
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increases in LC3-ll and Beclin 1 expression,
concomitant with reduced caspase-3 cleavage
(Figure 5A, 5D-F). Conversely, pretreatment
with Compound C, an AMPK inhibitor, blocked
phosphorylation of AMPK and increased phos-
phorylation of mTOR (Figure 5G-I). In addition,
the capacity of HO-1 overexpression to induce
LC3-1l and Beclin 1 expression was abrogated
by Compound C, as was the effect of HO-1 on
caspase-3 cleavage (Figure 5G, 5J-L). These
results indicated that AMPK/mTORC1 signaling
was involved in the modulation of autophagy by
HO-1 in Pb-induced nephrotoxicity.

Discussion

Kidney dysfunction due to long-term exposure
to environmental Pb represents a serious
healthcare concern, but there is still no effec-
tive therapeutic strategy for treating Pb-induced
kidney injury. Chronic environmental Pb expo-
sure may interfere with urate excretion [35].
Higher serum uric acid levels may be associat-
ed with renal injury in Pb-exposed subjects
even in the earlier stages of exposure [36]. For
each unitincrease in blood Pb level, age-adjust-
ed eGFR was reduced by 59.2 mL/min/1.73 m?
in male workers at smelters [37]. Exposure to
Pb has been shown to lead to glomerular hyper-
trophy, renal leukocyte infiltration, interstitial
fibrosis, and tubular atrophy [38]. Suggested
mechanisms of Pb-induced nephrotoxicity in-
clude oxidative stress [4], inflammation [8], and
apoptosis [9]. In this study, the role of HO-1 in
PbAc-induced renal tubular cell injury was
explored.

A large number of studies using experimental
models of diseases have demonstrated that
HO-1 can function via antioxidant, anti-inflam-
matory, anti-fibrotic, and anti-apoptotic mecha-
nisms [10-14]. HO-1 can be induced in the kid-
ney as a result of injurious factors such as
endotoxins, H,0,, certain growth factors, cyto-
kines, and heavy metals [20, 39]. Upregulation
of HO-1 expression prevents renal oxidative
stress, inflammation, apoptosis, and fibrosis in
animal models of nephropathy [15, 16, 18, 40].
However, the role of HO-1 in Pb-induced renal
injury is poorly understood. Rats exposed to a
single administration of Pb showed increased
HO-1 mRNA and protein expression. Lipid per-
oxide levels also increased in the kidney cortex
following Pb treatment, and were further aggra-
vated by HO-1 inhibition, suggesting that HO-1

Am J Transl Res 2020;12(8):4807-4818



Effect of HO-1 in lead nephrotoxicity

A B C D
- o
o e QVS‘ x
4@ \c}" Q '09.0
Q@ < 94 . # T 1.5 %
kDa P ® —— " @
LC3-I- - 18 g 0.3 e < 40l a
LC3-II- - S o2ll" o ob # 8
- Fd - 4 *
; 0.1 ‘. % 0.5 . '§
. oY -
Beclin 1- S S - 50 = 00 ﬁ 2 0.0 - %
cleaved \gd
caspase-3- - 15 é\\dp uﬁx,s.'!'-' "b"‘y. ‘\\ap x'!"} & ,{!f"r
A O QO e QT ® e
\‘e'-“ QO 40'0 <
GAPDH- [ - - 37
E F « EV+Vehicle
= hHO-1+3-MA
PbAo ®  1.5.4hHO-1+Vehicle
EV hHO-1 hHO-1 5 .
2 L]
+Vehicle +3-MA +Vehicle kDa & 10| -1:
cleaved 8 a ~
CASPASE 3  e—— 15 .§§°‘5 - -
: 5
- @
GAPDH- Sile S S S “ ﬂ 37 £ Lo
PbAc

Figure 3. Inhibition of autophagy by 3-MA pretreatment abolished anti-apoptotic effects of HO-1 in PbAc-injured renal tubular cells. (A) 3-MA was added 1 h before
treatment with 50 umol/L PbAc for 48 h. LC3-Il, Beclin 1, and cleaved caspase-3 were evaluated by immunoblot analysis, with GAPDH as a loading control. Levels of
LC3-11 (B), Beclin 1 (C), and cleaved caspase-3 (D) were estimated by densitometric analysis. 3-MA pretreatment decreased LC3-Il and Beclin 1 levels, and promoted
PbAc-induced caspase-3 cleavage. *P < 0.05 versus vehicle; #P < 0.05 versus PbAc treatment (n = 6). (E) Cells were transfected with plasmid encoding human HO-1
(hHO-1) or empty vector (EV) 24 h before addition of 3-MA or vehicle, and then treated after 1 h with PbAc for 48 h. Levels of cleaved caspase-3 were analyzed by
immunoblot assay, with GAPDH as loading control. (F) Densitometric analysis of cleaved caspase-3 is shown. 3-MA pretreatment abrogated the anti-apoptotic effect
of HO-1 in PbAc-injured renal tubule cells. *P < 0.01 versus EV transfection in combination with vehicle and PbAc treatments; #*P < 0.01 versus hHO-1 transfection
in combination with 3-MA and PbAc treatments (n = 6).
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Figure 4. Overexpression of HO-1 upregulated AMPK phosphorylation and inactivated the mTORC1 signaling path-
way after PbAc treatment. Cells were transfected with plasmid encoding human HO-1 (hHO-1) or empty vector (EV)
24 h before treatment with 50 umol/L PbAc or vehicle for 48 h. (A) Phosphorylated AMPK and Ser 2448-phosphory-
lated mTOR were examined by immunoblot analysis. GAPDH served as loading control. Levels of phosphorylated
AMPK (B) and Ser 2448-phosphorylated mTOR (C) were estimated by densitometry. *P < 0.01 versus EV transfec-
tion and vehicle treatment; *P < 0.01 versus EV transfection with PbAc treatment (n = 6).

induction may be an antioxidant response
meant to reduce lipid peroxidation, thereby pro-
tecting against Pb-induced renal injury [20].
However, another in vivo study has demonstrat-
ed that chronic Pb exposure resulted in reduced
HO-1 expression, concomitant with impaired
renal function and structure. Co-administration
of agents which increase HO-1 levels afforded
renal protection, evidenced by decreased renal
oxidative stress, inflammatory cytokine secre-
tion, and apoptosis, as well as improvements in
kidney histopathology [21]. Thus, all data in
PbAc-intoxicated rats have consistently indicat-
ed a renoprotective role of HO-1, although
changes in HO-1 expression differed depending
on the mode of administration. In agreement,
in the present study, PbAc injury impaired cell
viability in a time- and dose-dependent man-
ner. Also, expression of HO-1 declined progres-
sively over time, and this loss may underlie cel-
lular injury. Furthermore, HO-1 overexpression
was found to impede apoptosis, suggesting a
renoprotective effect, in accordance with the
aforementioned in vivo studies.

In autophagy, which is a conserved cellular pro-
cess to maintain homeostasis in eukaryotic
organisms, damaged organelles, proteins, and
lipids are engulfed by autophagosomes, and
then degraded by lysosomes [41]. Autophagy-
deficient aged mice exhibited significant dete-
rioration of kidney function, with fibrosis and
concomitant mitochondrial dysfunction, as well
as mitochondrial DNA abnormalities and nucle-
ar DNA damage [22]. Inhibition of autophago-
some sequestration by inhibitors such as 3-MA
resulted in more severe kidney dysfunction in a
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mouse model of ischemia-reperfusion injury
[42]. Lin et al. found impaired activation of
autophagy in CKD patients after fasting [43].
Activated autophagy protected renal tubular
cells against toxic agents such as cisplatin,
cyclosporine, and heavy metals [44-46]. A
basal level of autophagy exists in glomerular
epithelial cells and proximal tubular cells [44].
Likewise, in this study, constitutive expression
of the autophagy protein markers LC3-Il and
Beclin 1 were observed in renal tubular cells
under resting conditions. Marked decreases in
LC3-Il formation and Beclin 1 expression that
were observed 48 and 72 h after PbAc injury
suggest impaired autophagy. This finding con-
trasts with results of a study by Song et al., in
which a low-dose treatment with Pb (0.5
pmol/L) for 12 h resulted in the elevation of
LC3-Il levels in rat proximal tubular cells [28].
They proposed that the increase was due to a
blockade of autophagic flux, with the lysosomal
degradation of autophagosomes inhibited. In
our study, the higher dose of PbAc (50 pymol/L)
and longer incubation periods (24 h, 48 h,
72 h) may have exhausted the autophagic
processes.

As is well known, HO-1 and autophagy are both
inducible under stress. Thus, there might be a
causal relationship between HO-1 and autoph-
agy. Zhan et al. provided evidence that HO-1
deficiency repressed the autophagic pathway,
and aggravated high glucose-evoked podocyte
apoptosis and inflammation [25]. This is consis-
tent with previous reports that HO-1 inactiva-
tion inhibited autophagy, whereas HO-1 agonist
induced autophagy and protected podocytes
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407& & 4“"‘ d"’,p"\gp

P-AMPK- S s — 50

AMPK- w ——

p-mTOR
(Ser 2448). ™ WW === 250

MTOR- NS S S .250

LC3-I- — - —
LC3-Il- wm e e -15

Beclin 1- e s — .50
cleaved
caspase 3-

GAPDH- " s w=n -37

— — — 15

G hHO-1+PbAc
Vehicle Compound C

kD
P-AMPK- s s s W g0

AMPK- Sssmm—— 50

p-mTOR
(Ser 2448)- — T

MTOR- s s s -

(MOICT B —
LC3-1I- .

—

Beclin 1- W S W W 5o

cleaved
caspase 3. TR S N 15

GAPDH: e o 37

4815

Effect of HO-1 in lead nephrotoxicity

p-AMPK/AMPK m
#

Beclin 1/GAPDH ™

ol ol
onso®O
-
LR
S

04@
®

%

%,

p-AMPK/AMPK L

0000
Onbo®O
>

hHO-1+PbAc

= *Vehicle
g 18 = Compound C
1.0

c05 ®
. 3
hHO-1+PbAc

C #
1.0 -
0.8
5%os w
EE 0.4 a
—~— 0.2 .:. A
0.0 | ii]
<>
® Aol
o W
S AR
y <®©
(]
j_ o8
83503
3% 02
?3 0'1 'd?
_i 0.0
40“\& ®
«Vehicle
0.8 » Compound C.
@ @ 0.6 -
Eig 0.4
Eop2 ,-_1
00 -e
hHO-1+PbAc
L
™ *Vehicle
2 15 =Compound C ,
B
gh 0.5 22
8 ool
hHO-1+PbAc

Am J Transl Res 2020;12(8):4807-4818

LC3-II/GAPDH ©
ocooo00
O=2=NWaO

»

! .vehicle

E gi 'Cor:upound Cc
a 0.

$o03 =)
=02

3 0.1

- 0.0 I.ij

*

hHO-1+PbAc



Effect of HO-1 in lead nephrotoxicity

Figure 5. HO-1 augmented levels of autophagic factors and ameliorated apoptosis by activating AMPK/mTORC1 sig-
naling in PbAc-induced nephrotoxicity. A. Cells were pretreated with or without AICAR for 1 h, followed by incubation
for 48 h with 50 pmol/L PbAc. Expression of p-AMPK, p-mTOR (Ser 2448), LC3-Il, Beclin 1, and cleaved caspase-3
were examined by immunoblot analysis, with GAPDH as loading control. B-F. Densitometric analyses of immunob-
lots are shown. *P < 0.01 versus vehicle; P < 0.05 versus PbAc treatment (n = 6). G. Cells were transfected with
plasmid encoding human HO-1 (hHO-1) 24 h before addition of vehicle or Compound C, followed 1 h later by treat-
ment with 50 pmol/L PbAc for 48 h. Levels of p-AMPK, p-mTOR (Ser 2448), LC3-l, Beclin 1, and cleaved caspase-3
were evaluated by immunoblotting, with GAPDH as loading control. (H-L) Densitometric analyses of immunoblots.
Compound C inhibited AMPK phosphorylation and increased Ser 2448 phosphorylation of mTOR, thus abrogating
the effects of HO-1 transfection in improving LC3-Il and Beclin 1 expression and reducing caspase-3 cleavage. *P <

0.01 versus hHO-1 transfection combined with vehicle and PbAc treatment (n = 6).

from hyperglycemia [24]. Likewise, HO-1 over-
expression protected cardiomyocytes from
hypoxia/reoxygenation injury by enhancing
autophagy and ameliorating apoptosis [47]. In
contrast, Xu et al. suggested that HO-1 allevi-
ated H,0,-induced mesangial cell injury by
reducing autophagy [26]. This contrasts with
our findings that HO-1 overexpression increased
LC3-1l and Beclin 1 levels and autophagosome
formation, and attenuated apoptosis after
PbAc injury, while 3-MA abolished these benefi-
cial effects. Our findings indicate that autopha-
gy might be required for renoprotection by HO-1
in Pb-induced nephrotoxicity. The discrepancy
between our findings and those of Xu et al. may
reflect different roles of autophagy in different
types of injuries.

AMPK regulates autophagy in yeast and mam-
malian cells [49-51]. AMPK activates autopha-
gy by negatively regulating mTORC1 activity via
two complementary actions [29]. mTORC1 can
inhibit autophagy by directly or indirectly reduc-
ing activity of the ULK1 complex, an essential
factor in the recruitment of autophagy-related
proteins during autophagosome biogenesis.
Whether and how AMPK/mTORC1 signaling
pathway involved in the beneficial effects of
HO-1 in lead-injuced nephrotoxicity were
unclear. In the present study, HO-1 overex-
pression increased AMPK phosphorylation
and reduced Ser 2448 phosphorylation of
mTOR, leading to autophagic activation in PbAc-
injured cells. In addition, specific activation of
AMPK with AICAR amplified the expression of
LC3-1l and Beclin 1, and alleviated apoptosis.
Conversely, inhibition of AMPK with Compound
C abolished HO-1-mediated upregulation of
autophagy, as well as its anti-apoptotic effect.
These results imply that the AMPK/mTORC1
pathway is required for HO-1-promoted autoph-
agy in Pb-injured renal tubular cells.

4816

In summary, PbAc injury of renal tubular cells
represses HO-1 and impairs autophagy, result-
ing in apoptosis. HO-1 overexpression enhanc-
es autophagy by activating the AMPK/mTORC1
signaling pathway and attenuates apoptosis
during PbAc-induced nephrotoxicity. Although
our study demonstrates a renoprotective effect
of HO-1 in vitro, further studies are needed to
validate the role of HO-1 in Pb-elicited kidney
diseases in animal models. In addition, the link
between serum or urinary HO-1 levels and the
severity of Pb nephrotoxicity in patients is wor-
thy of further exploration.
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