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Abstract

Objective: Recent studies have demonstrated the therapeutic effects of bonemarrow–derived cells in tissue regeneration.
The aim of this study was to investigate the effects of bone marrow mononuclear cell (BMMC) transplantation in a mouse
model of acute renal failure (ARF) induced by mercuric chloride. Methods: BMMC was isolated from male BALB/c mice
and injected into female mice treated with a lethal dose (LD90) of mercuric chloride. Survival rate, histopathological
analysis, and assessment of urea, creatinine, sodium, potassium, and mercury levels were carried out. Results: Cellular
therapy with BMMC significantly reduced the mortality induced by mercuric chloride (p < 0.05). This finding correlated
with a decrease in serum levels of urea (p¼ 0.04) and potassium ( p < 0.01). However, no differences in renal morphology
were observed when BMMC-treated and control group were compared. Conclusion: Transplanted BMMC improve renal
function and reduce mortality and, therefore, may represent a new therapeutic alternative to treat ARF.
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INTRODUCTION

Acute kidney injury (AKI) is a common complication in
hospitalized patients. Ischemic injury owing to cardio-
circulatory dysfunction and toxic injuries, such as radio-
contrast media, antimicrobial agents, and heavy metals,1

are common causes of degeneration and necrosis of tub-
ular epithelium in these patients, resulting in AKI. Acute
tubular necrosis (ATN) involves cell death and detach-
ment from the basement membrane.2 Less severe forms
of AKI may be reversed with hydration and supportive
measures as the development of ischemic ATN in pre-
viously healthy individuals usually experience a good
prognosis. However, in many patients undergoing hospi-
talization because of chronic diseases or major surgery,
extensive burns and sepsis in the recovering period of
tubular lesions may be extended by subsequent nephro-
toxicity and ischemic injuries with additional threat to

the patient’s life. Indeed, under conditions leading to
multiorgan failure, the AKI-associated lethality may
reach 50%.3 Hence, new therapies aiming to treat ARF
are urgently needed.

In the last decade, several studies have demonstrated
the capacity of adult bone marrow–derived cells from
both human and rodent cells to differentiate into multi-
ple cell lineages, including tubular epithelial and mesan-
gial cells.4,5 Recent experimental data have indicated that
bone marrow cells migrate to the kidney lesions, amelio-
rate renal function, and reduce tubular injury in AKI,
through differentiation within the tubular compartment
and by secreting growth and trophic factors.6 In addition,
infusion of bone marrow–derived mesenchymal stem
cells may contribute to improvement of kidney lesions
by a paracrine action.7 Therefore, cell therapy utilizing
adult bone marrow–derived cells has appeared as an
alternative therapeutic strategy to treat renal diseases.
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Here, we used a nephrotoxic AKI mouse model
induced by mercuric chloride (HgCl2) to evaluate if the
treatment with transplanted BMMC improves kidney
biochemical function and reduces mortality.

MATERIALS AND METHODS

Animals and Induction of ATN
Six-to-eight-weeks-old female or male BALB/c mice
weighting 20–23 g raised and maintained at the
Gonçalo Moniz Researcher Center/FIOCRUZ were
used. Animal experiments were conducted in conformity
with NIH guidelines and approval of a local animal ethics
committee. To induce ATN, female mice received sub-
cutaneous injection of mercuric chloride (Sigma-
Aldrich, Inc. St. Louis, MO) at dose of 16 mg/kg dis-
solved in sterile 0.9% saline solution. The dose of HgCl2
was determined in accordance with preliminary experi-
ments and corresponds to a lethal dose 90% (LD90).We
determined the serummercuric concentration by atomic
absorption spectrophotometer PerkinElmer 1.100 B
(PerkinElmer, Shelton, CT) at different time points (3,
6, and 12 h).

Bone Marrow Mononuclear Cell Therapy
BMMC were obtained from male BALB/c mice.
Animals were killed by cervical dislocation and bone
marrow of femurs and tibiae were removed by flushing.
Bone marrow cell suspensions were separated by centri-
fugation on Ficoll gradient at 1000g for 15 min
(Histopaque 1119 and 1077, 1:1; Sigma). The mono-
nuclear cell fraction was collected and washed twice with
DMEM medium (Dulbeco’s Modified Eagle Medium,
Gibco, Carlsbad, CA), filtered over nylon wool, and
resuspended in 0.9% saline solution. Groups of 10
mice were treated with one injection of BMMC
(2� 107 cells/mouse) by intravenous route (retro-orbital
plexus) 3, 6, or 12 h after HgCl2 challenge and were
evaluated during 10 days. Control group received saline
solution in the same condition. The cell preparations
were analyzed by flow cytometry to evaluate the presence
of CD45, CD34, CD11b, CD117, and CD90 (BD
Biosciences, Franklin Lakes, NJ).

Serum Biochemical Analysis
To access the renal and hydroelectrolyte functions, we
determined serum levels of urea, creatinine, sodium, and
potassium at 24, 48, or 72 h after cellular therapy. Urea
and creatinine were spectrophotometrically measured
using a total automated clinical chemistry analyzer sys-
tem (A25, Biochemistry, Spain). Sodium and potassium
were both accessed using an ion selective electrode
EasyLyte Na/K analyzer (Medica, USA).

Histopathological Analyses
Groups of mice, transplanted or not with BMMC after
12 h of HgCl2 administration, were euthanized 24, 48,

and 72 h after HgCl2 administration (n ¼ 5/group/time
point). Sections were analyzed by light microscopy after
paraffin embedding and standard hematoxylin and eosin
staining. Images were digitalized using a color digital
video camera (CoolSnap cf, Media Cybernetics,
Carlsbad, CA) adapted to an AX-70 microscope
(Olympus, Tokyo, Japan). Histopathological analyses
were performed at the same times, looking for luminal
hyaline casts and tubular cell degenerative changes.
Lesions were scored according to Jablonsky et al.8

Statistical Analyses
The statistical analysis was carried out by Prism 4
(GraphPad, San Diego, USA), statistical package. After
descriptive statistics and normality test (Kolmogorov–
Smirnov), the inferential analysis was chosen and carried
out by Log Rank, Student t-tests, and ANOVA followed
by Turkey’s or Newman–Keuls multiple post test, when
necessary. The level of significance chosen was 0.05 to an
interval confidence of 95%.

RESULTS

To investigate the effects of BMMC transplantation in
HgCl2-induced lethality, groups of BALB/c mice were
treated with BMMC by intravenous route at different
times after drug challenge. The BMMC cell preparations
were analyzed by flow cytometry and contained 97%
CD45, 1.6% CD34, 52% CD11b, 1.1% CD117,
3.15% CD90, and 98.1% cell viability. The survival
rate of mice treated with BMMC after 12 h of HgCl2
challenge was significantly higher than that of the control
group (60% vs. 25%; p < 0.05, Kaplan–Meier log rank
test). In contrast, protection was not observed when
BMMC was injected 3 and 6 h after HgCl2 administra-
tion (Figure 1).

We hypothesized that the lack of protection when
BMMC was given at 3 and 6 h could be caused by
cytotoxicity because of highest mercury serum

Figure 1. Survival curves of mice challenged with HgCl2 trans-
planted with BMMC. HgCl2-challenged mice (n ¼ 10 per group)
received saline or BMMC intravenously at different times after
HgCl2 administration (3, 6, and 12 h; n ¼ 8, on each group).
Mortality was evaluated up to 10 days after challenge.
Note: �p < 0.05, Kaplan–Meier log rank test.
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concentrations before 12 h of HgCl2 administration. To
test this hypothesis, mercury serum levels were measured
in mice treated with BMMC 3, 6, and 12 h after HgCl2
challenge. However, we did not find significant differ-
ences among HgCl2 concentrations in samples collected
from the different time points (Figure 2).

To evaluate if the cell therapy had effects on kidney
function, we analyzed several biochemical parameters in
the serum of animals treated or not with BMMC
(Figure 3). Transplantation of BMMC caused a decrease
in serum creatinine and urea concentrations (p ¼ 0.0409;
ANOVA, Newman–Keuls Multiple Comparison Test)
48 h after HgCl2 challenge (Figure 3A and B, respectively).
The reduction in creatinine levels shows a tendency to
achieve significance (p ¼ 0.0598; ANOVA, Newman–
Keuls Multiple Comparison Test). Hydroelectrolyte bal-
ance was accessed by determination of serum sodium and
potassium concentrations. After cell therapy, serum potas-
sium levels were significantly diminished in BMMC-
treated animals (p < 0.01; ANOVA, Newman–Keuls
Multiple Comparison Test).

Figure 2. Serum mercuric concentration before and after BMMC
transplantation. Groups of mice were challenged with HgCl2.
Serum mercuric concentrations were determined 0, 3, 6, and
12 h after challenge (p > 0.05; ANOVA, Turkey’s Multiple
Comparison test). Values represent individual mice, n ¼ 8–10 per
group.

Figure 3. Serum concentrations of urea, creatinine, potassium, and sodium in HgCl2-challenged mice transplanted or not with
BMMC. Groups of mice were challenged with HgCl2 and transplanted with BMMC 12 h later. Serum urea (p ¼ 0.0409) and potassium
levels were significantly diminished in treated animals after cell therapy, (p < 0.01; ANOVA, Newman–Keuls Multiple Comparison Test)
(3B and C). The reduction on creatinine and sodium levels did not achieve significance (p > 0.05; ANOVA, Newman–Keuls Multiple
Comparison Test) (3A and D). Values represent the means � SEM of 5 mice/group.
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Independent of the fact that BMMC transplantation had
ameliorated renal function and reducesmortality, it did not
improve kidney lesions, which was confirmed by histo-
pathology of renal tissue. In both groups, we observed
type IV lesions, according to Jablonsky et al.,8 which repre-
sent the highest lesion score of ATN (Figure 4).

DISCUSSION

Several studies in the literature have investigated the
effects of cell therapy in AKI. Some were carried out

using ischemia/reperfusion models.9,10 Others used
drugs such as cisplatin or folic acid to induce
AKI.11,12 Here, we used a model of nephrotoxic
AKI induced by HgCl2, based on a standardized
survival evaluation protocol already published.13

Mercuric chloride at high doses causes an increase
in serum creatinine, urea, and potassium. According
to Eaton and Poorler,14 uremia and increases in
serum creatinine are indicative of a fall in glomerular
filtration rate (GFR). In addition, mercuric chloride
injection directly affects the heart, leading to

(A) (B)

(C) (D)

(E) (F)

Figure 4. Histological analysis of kidney sections from HgCl2-injured mice treated (4B, D, and F) or not (4A, C, and E) with
BMMC. Alterations in kidney morphology were observed 24 (4A and B), 48 (4C and D), and 72 h (4E and F) after HgCl2 injection.
Magnifications 600�. Degeneration of tubular cells (black arrows), cellular debris (white arrows), and intratubular protein cylinder (blue
arrows). Representative images of groups of mice euthanized at each time point (n ¼ 5/group/time point).
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induction of arrhythmias and ventricular fibrilla-
tion15,16 and deleterious effects in the immune
system.17,18

It was demonstrated that transplantedBMMCsuppress
serum urea and creatinine levels in HgCl2-treated mouse
after 48 h, indicating a protective therapeutic action in the
kidney function. Furthermore, we observed an increase in
survival when BMMC was injected 12 h after injury.
Similar results were found by Li et al.10 Considering the
current literature, this improvement of kidney function
may be related to the prevention of the initial fall in
GFR9, possibly through paracrine actions that contributes
to proliferation of endogenous survivor cells or stimulates
the proliferation and differentiation of kidney resident
stem cells.10 By using BMMC obtained from GFP-
transgenic mice, we found that the majority of the cells
migrated to the spleen, bone marrow, and lungs of trans-
planted mice.19 However, transplanted cells were rarely
seen in kidney sections of HgCl2-challenged mice, rein-
forcing the paracrine effect of BMMC (our unpublished
data). In fact, in previous studies, we observed a potent
immunomodulatory action of transplanted BMMC in
models of fulminant hepatitis, Chagas disease cardiomyo-
pathy, and epilepsy.19–22 SinceHgCl2 induces the produc-
tion of pro-inflammatory mediators, including TNF-α
upon HgCl2 administration,17,18 it is also possible that
cells in this model exert an anti-inflammatory action.
Among the deleterious effects of TNF-α is cardiac dys-
function by induction of mitochondrial oxidative stress,23

reinforcing the possibility of a protective effect of BMMC
on HgCl2-induced cardiac alterations.

Independent of pharmacokinetic mechanisms occur-
ring immediately after subcutaneous administration,
there was no difference among serum mercuric chloride
concentration at 3, 6, and 12 h. At the 12 h time point,
serum mercuric concentrations remained elevated, sug-
gesting that mercuric toxicity did not influence BMMC
effects. In addition, BMMC were injected systematically
and therefore should not be ruled out based solely on the
hypothesis that these cells may be promoting protective
effect in others organs. It is already known that mercuric
chloride has direct effects in the heart, leading to the
induction of arrhythmias and ventricular fibrillation.15,16

Since hyperkalemia affects cardiomyocyte membrane
potential, which is a major cause of cardiac arrest, it
may aggravate arrhythmias induced by HgCl2 injection
as well. Thus, the observed reduction of hyperkalemia
found in BMMC-treated animals suggests the possibility
that BMMC cell therapy prevents arrhythmias prompted
by normalization of serum potassium.

In histopathological analysis carried out by light
microscopy, we did not observe a preservation of tubular
structure in the BMMC-treated group. As shown by
Morigi et al.,24 on the first day, transplanted BMMC
did not improve histopathological parameters when
compared to the control group. However, after the fourth
day, this was verified in ultrastructure analyses, improve-
ment to the lesions from BMMC-treated group, which

included diminution of tubular detachment. Although
ultrastructural analysis was not performed in this study,
a potential protection of tubular structure induced by
BMMC was not sufficient to change the histological
pattern of tubular regeneration in this model of HgCl2-
induced nephrotoxicity. Since we did not find morpho-
logical alterations by histopathological analysis, one pos-
sible explanation for the changes in blood biochemistry
are hemodynamic changes in the kidney, altering the
GFR, or tubular reabsorption. Several studies have
shown the production of angiogenic factors, such as
VEGF, by bone marrow–derived cells.7,25 VEGF also
acts directly on endothelial cells upregulating the expres-
sion of endothelial nitric oxide synthase and subse-
quently increasing nitric oxide release.26 This may
account for an increase in vasodilation in our model, as
previously proposed in patients with limb ischemia in
which an increase in endothelium-dependent vasodila-
tion after BMMC transplantation was observed.27

Finally, our findings indicate that BMMC can amelio-
rate kidney function during AKI, which includes pre-
venting hydroelectrolyte disturbances. In fact, this
study is the first report that demonstrates cell therapy–
mediated prevention of hyperkalemia. More studies are
necessary to investigate the mechanisms of action of
transplanted bone marrow cells in renal injury. In the
context of regenerative medicine, administration of bone
marrow cells and cytokines or growth factors will con-
tribute to increase BMMC therapeutic potential.
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