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Tumor necrosis factor-alpha-induced reduction of
glomerular filtration rate in rats with fulminant
hepatic failure
Jing-Bo Wang1,2,6, Dong-Lei Wang1,6, Hai-Tao Wang3, Zhao-Han Wang1, Ying Wen1, Cui-Ming Sun1,
Yi-Tong Zhao2, Jian Wu4,5 and Pei Liu1

The mechanism of renal failure during fulminant hepatic failure (FHF) or end-stage of liver disease is not fully understood.
The present study aims to delineate the mechanisms of decreased glomerular filtration rate (GFR) in acute hepatic failure.
A rat model of renal insufficiency in severe liver injury was established by lipopolysaccharide (LPS) plus D-galactosamine
(GalN) exposure. GFR was evaluated by continuous infusion of fluorescein isothiocyanate–inulin with implanted
micro-osmotic pumps. GalN/LPS intoxication resulted in severe hepatocyte toxicity as evidenced by liver histology
and biochemical tests, whereas renal morphology remained normal. GFR was reduced by 33% of the controls 12 h
after GalN/LPS exposure, accompanied with a decreased serum sodium levels, a marked increase in serum TNF-a and
ET-1 levels as well as significantly upregulated renal type 1 inositol 1,4,5-trisphosphate receptor (IP3R1) expression. The
upregulated IP3R1 expression was abrogated by the treatment of anti-TNF-a antibodies, but not by 2-aminoethoxydiphenylborate (2-APB), which blocks the inositol 1,4,5-trisphosphate signaling pathway. Treatments with either
TNF-a antibodies or 2-APB also significantly improved the compromised GFR, elevated serum urea nitrogen and
creatinine levels, and reversed the decrease in glomerular inulin space and the increase in glomerular calcium content
in GalN/LPS-exposed rats. The extent of acute liver injury as reflected by serum ALT levels was much more attenuated
by anti-TNF-a antibodies than by 2-APB. Liver histology further confirmed that anti-TNF-a antibodies conferred better
protection than 2-APB in GalN/LPS-exposed rats. LPS-elicited TNF-a over-production is responsible for decreased
GFR through IP3R1 overexpression, and the compromised GFR resulted in the development of acute renal failure in
rats with FHF.
Laboratory Investigation (2014) 94, 740–751; doi:10.1038/labinvest.2014.71; published online 2 June 2014

KEYWORDS: acute renal failure; fulminant hepatic failure; glomerular calcium content; glomerular filtration rate; tumor necrosis
factor-alpha; type 1 inositol 1,4,5-trisphosphate receptor

INTRODUCTION
Acute renal failure may occur during fulminant liver failure
with an increased mortality rate. Reduction in the effective
circulating blood volume and subsequent hypoperfusion of
the kidneys may be the possible pathogenesis of renal failure
in patients with severe liver failure.1 It is accompanied by
renal vasoconstriction, which leads to a pronounced reduction in glomerular filtration rate (GFR).2,3 The afferent

arteriole has an important role in the regulation of renal
blood flow and GFR, thus contributing to the control of
extracellular fluid volume and arterial pressure. Vascular
smooth muscle cells (VSMC) in the preglomerular resistance
vessels (interlobular artery and afferent arteriole) mediate
constriction or dilation of the vessels, ie, changes in luminal
diameter, in turn regulating renal vascular resistance, renal
blood flow, and GFR.4 High levels of plasma angiotensin II,
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endothelin-1 (ET-1), norepinephrine (NE), and TNF-a in
patients with liver failure, which may induce an increase in
intracellular Ca2 þ concentration ([Ca2 þ ]i) in preglomerular
VSMCs (PVSMCs) by stimulating calcium mobilization
from intracellular stores and calcium entry from the extracellular fluid.5,6 Multifactorial mechanisms were involved
in disordered regulation of renal blood flow and GFR.7
As the control of renal vasoconstriction in renal failure is
multifactorial, strategies in inhibiting vaso-constrictive
activity did not achieve the desired efficacy.8,9 A growing
body of evidence suggests that serum level of tumor necrosis
factor a (TNF-a) increases significantly in patients with
severe liver injury,10,11 whereas TNF-a inhibitor such as
oxpentifylline reduced the incidence of renal failure rate from
35% to 8% and hospital mortality from 46% to 24%.12
Therefore, it is conceivable that TNF-a has a crucial role
in the development of renal failure during hepatic
insufficiency.6
Recently, we found that TNF-a increased the expression
of inositol 1,4,5-trisphosphate receptors (IP3R), mediating
through the TNF receptor 1/phosphatidyl-phospholipase
C/protein kinase Ca (TNFR1/PC-PLC/PKCa) and TNFR2
signaling pathways in human mesangial cells (HMC).13 The
aim of the present study is to further delineate the role of
TNF-a in the development of the renal failure in fulminant
hepatic failure (FHF). Our hypothesis is that TNF-a increases
inositol 1,4,5-trisphosphate (IP3)-induced Ca2 þ release in
response to a variety of vasoconstrictors by inducing IP3R1
overexpression, causing glomerular mesangial cells (GMC)
and renal VSMCs to contract, and in turn lead to a decrease
in GFR and the development of acute renal failure. To test the
hypothesis, we established an animal model of FHF in which
severe renal failure is confirmed by reduction of GFR and
changes in blood urea nitrogen (BUN), creatinine and
sodium ion levels without histologic alterations in light
microscope and electronic microscope (EM). With this rat
model, we investigated the effects of TNF-a on GFR in order
to understand the mechanisms of TNF-a in modulating the
pathogenesis of acute renal failure.
MATERIALS AND METHODS
Animals
Male Sprague-Dawley rats weighing B220 g were purchased
from Laboratory Animal Center in China Medical University,
China. They were housed under a controlled condition of
temperature (23±3 1C) and relative humidity (50±20%),
with light illumination for 12 h a day. They were allowed
access to food and tap water throughout the acclimatization
and experimental periods. All procedures were approved by
the Institutional Review Board according to the Animal
Protection Act of China.
Chemicals and Reagents
D-Galactosamine hydrochloride (GalN), lipopolysaccharide
(LPS), TNF-a monoclonal antibody and 2-aminoethoxywww.laboratoryinvestigation.org | Laboratory Investigation | Volume 94 July 2014

diphenylborate (2-APB) were obtained from Sigma Chemical
(St Louis, MO, USA). Micro-osmotic pumps at a release rate
of 1.0 ml/h were purchased from Durect (Cupertino, CA,
USA). Primary polyclonal antibody against rat IP3R1 was the
product of Synaptic Systems (Goettingen, Germany). Realtime PCR kit was obtained from Takaka (Dalian, China).
Rat Model of FHF
FHF was induced in rats as reported previously.14,15 A
mixture of GalN (400 mg/kg) and LPS (32 mg/kg) in saline
was administrated via the tail vein at a volume of 2 ml/kg
under anesthesia. The initial study comprised four groups
(10–20 rats per group): (1) experiment group, treated with
GalN and LPS (GalN/LPS); (2) normal saline (NS) treatment
group; (3) GalN treatment group; (4) LPS treatment group.
Systolic blood pressure (SBP) was detected 12 h after injection using rat tail blood pressure system (IITC Life Science,
Woodland Hills, CA, USA).
Five ml of blood was collected from the saphenous vein
into a heparinized capillary tube using a sterile 23-gauge
syringe needle.16 Serum biochemical markers and cytokine
levels were determined using commercial kits. Rats were
killed under anesthesia 3, 6, 9, 12 and 24 h after GalN/LPS
injection. Liver and kidney tissues were collected and fixed
for histological analysis. Unfixed specimens were frozen till
further analysis.
Preparation of Fluorescein Isothiocyanate (FITC)–Inulin
Solution
FITC–inulin (24%) was dissolved in 0.9% NaCl solution as
described.17 To remove residual FITC unbounded to inulin,
the solution was dialyzed in 1000 ml of 0.9% NaCl at room
temperature for 24 h using a 1000-Da cutoff dialysis
membrane (Spectrum Laboratories, Rancho Dominguez,
CA, USA) in dark and then sterilized by filtration through
a 0.22-mm filter.
Implantation of Micro-osmotic Pumps
Thirty-five rats were anesthetized with an intraperitoneal
injection of pentobarbital sodium (40 mg/kg). Two microosmotic pumps filled with B100 ml of 8% FITC–inulin were
inserted into the peritoneal cavity. A pilot study revealed that
plasma FITC levels were inadequate to measure GFR when a
single micro-osmotic pump was implanted. After two pumps
were implanted in the same animal, a 2–6-fold increase in
plasma fluorescent levels was detected.
Animal Groups and Treatment
Rats with an implementation of two micro-osmotic pumps
were randomly divided into six groups: (1) NS control; (2)
GalN; (3) LPS; (4) GalN/LPS; (5) GalN/LPS þ anti-TNF-a
and (6) GalN/LPS þ 2-APB. Antibodies against TNF-a (5 mg/
kg)18,19 or 2-APB (2 mg/kg)20 were administered 30 min
before GalN/LPS treatment. Blood was sampled through
the saphenous vein after the treatments. Serum was obtained
741
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for the measurement of FITC fluorescent intensity and
biochemical assays. Liver and renal specimens were fixed for
histopathologic examination. Frozen specimens were used for
quantitative analysis of IP3R1 by western blot and real-time
RT-PCR.
Measurement of FITC–Inulin in Plasma
It was reported that pH value significantly affects FITC
fluorescence intensity,21 therefore all plasma samples were
buffered to pH 7.4 with 500 mM 4-(2-hydroxyethyl)-1piperazineethanesulfonic acid (HEPES). Fluorescent intensity was determined using a fluoroscan spectrophotometer
(F-4500, HITACHI, Japan) with excitation at 485 nm and
emission at 538 nm.
The linear correlation between fluorescent intensity and
inulin concentration was established by measuring fluorescent intensity in serial dilutions of an FITC–inulin solution of known concentration. A standard curve for blood
samples was generated using FITC–inulin concentrations of
0–300 mg/ml.17 A regression coefficient of 0.99 was achieved
between fluorescent readings and plasma FITC–inulin
concentration, confirming the reliability of fluorescent
spectrometry to measure FITC–inulin.
Calculation of GFR
GFR was evaluated 7 days after the implantation of microosmotic pumps based on the equation of inulin clearance
(inulin clearance ¼ inulin infusion rate/steady-state blood
inulin concentration), as previously described.17,22 GFR1 was
expressed in microliters per minute (ml/min), and GFR2 was
expressed in microliters per minute per kilogram body
weight (ml/min/kg BW), as well as GFR3, which was
expressed in microliters per minute per gram kidney weight
(ml/min/g KW). Obviously, GFR2 and GFR3 reflect GFR
more precisely than GFR1 due to a correction with body
weight or kidney weight.
Western Blot Analysis of IP3R1
Total renal protein was extracted in lysis buffer (50 mM
Tris–HCl, pH 7.4, containing 150 mM NaCl, 1% Triton-100,
1% sodium deoxycholate, 0.1% SDS, 1 mM EDTA, 5 mg/ml
leupeption, sodium orthovanadate, sodium fluoride, 1 mM
PMSF, and centrifuged (12 000 g, 12 min). Protein concentration was determined by BCA protein assay and equal
amounts of protein were run in 8% SDS-PAGE gel, and
transferred to PVDF membrane. The PVDF membrane was
then blocked with 5% nonfat dry milk for 2 h. After being
blocked, PVDF membrane was immunoblotted with the
primary antibody (polyclonal IP3R1 antibody) overnight.
The membrane was washed three times with Tris-HCl–NaCl–
Tween 20 solution (TBST) to remove unbound primary
antibody. Then, the membrane was incubated with horseradish peroxidase (HRP)-conjugated goat-anti-rabbit IgG
for 2 h, washed three times with TBST to remove
unbound secondary antibody, and incubated with BCIP/NBT
742

(5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium) liquid substrate reagent for 5 min. The reaction
was stopped by H2O. b-actin was used for an internal loading
control. A densitometer (model GS-700, Bio-Rad Laboratories) was used to quantify 230-kDa bands of IP3R1 and
45-kDa bands of b-actin. Relative protein levels were calculated based on densitometric count ratio of IP3R1 over
b-actin bands.23
Real-Time RT-PCR Analysis of IP3R1 mRNA Levels
Total RNA was extracted using TRIzol following the manufacturer’s protocol. RNA concentration was determined by
UV analysis and diluted to 500 ng/ml with DEPC water. RNA
was incubated at 37 1C for 15 min followed by 85 1C for 5 s
for reverse transcription (RT) for cDNA generation. The
cDNA underwent 45 cycles of PCR (95 1C for 30 s, 95 1C for
5 s, and 57 1C for 20 s, and 72 1C for 30 s) in Rotor-Gene 6000
PCR machine (Corbett Life Science, Sydney, Australia). The
sense and antisense primers of rat IP3R1 were 50 -TCTGGC
CAGCTGTCAGAACTAAAG-30 and 50 -GTGGGTTGACATTC
ATGTGAGGA-30 , respectively. The sense and antisense primers of rat glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) were 50 -GACAACTTTGGCATCGTGGA-30 and
50 -GACAACTTTGGCATCGTGGA-30 . Relative level of
IP3R1 gene expression was calculated based on amplification of a standard curve after the series of dilution
of cDNA. GAPDH was used for a house-keeping gene
control.24
Isolation of Rat Glomeruli
Animals were decapitated under ether anesthesia and kidneys
were collected. The glomeruli were isolated by a gradual
sieving technique. Briefly, renal capsule was removed and
the cortex was minced with a razor blade to a paste-like
consistency and strained through a 250-mm steel sieve. Then,
the suspension was further filtered through two consecutive
steel sieves (120 and 70 mm). The glomeruli retained on the
top of 70 mm sieve were washed and resuspended in ice-cold
PBS. Tubular contamination was less than 5% as assessed
under the light microscope. The entire procedure was carried
out in an ice bath within 1 h.23,24
Determination of Glomerular Inulin Space
About 4000 glomeruli were resuspended in 400 ml ice-cold
Ca2 þ -free buffer (containing 1% bovine serum albumin).
They were incubated with FITC–inulin (100 mg, Sigma) at
37 1C in shaking water bath for 30 min, then equally divided
into two tubes. One portion of glomeruli was treated with
ET-1 (100 nM, Sigma) for 10 min, another portion was used
as a control group. After the treatment, glomeruli were
centrifuged at 5000 g for 5 s. Twenty ml supernatant and
whole glomerular pellet were separately suspended overnight in 500 ml of 0.3% Triton X-100 solution. Fluorescence
intensity (FI) of glomeruli was measured by a spectrofluorometer. Glomerular inulin space (GIS) of single
Laboratory Investigation | Volume 94 July 2014 | www.laboratoryinvestigation.org

Renal dysfunction in fulminant liver failure
J-B Wang et al

glomerulus was calculated as follows:23,24
GIS ðnl=glomerulusÞ ¼
FI  pellet ðmg=mlÞ
1

FI  supernatant ðmg=mlÞ number of glomeruli in pellet

Measurements of Intracellular [Ca2 þ ]i in Glomeruli
Glomeruli were isolated according to the method described
above. Two thousand glomeruli were resuspended in 200 ml
Hank’s saline solution and incubated with Fura-2/AM
(10 mM) at 37 1C in dark shaking water bath for 45 min.
Then, excess Fura-2 was washed away with D-Hank’s saline
solution, and allowed to de-esterify for 10 min. Fluorescence
excitation of Fura-2 was performed at 340/380 nm, and
emission was detected above 510 nm. After the base line
was recorded, the fluorescence ratio (340/380 nm) of each
sample was recorded under the treatment with ET-1
(100 nM, Sigma), during a 0.1-s exposure at 20.0 s intervals
for 10 min. All experiments were carried out at 37 1C, pH 7.4.
At the end of each experiment, CaCl2 (2.5  10  3 M) and
EGTA (5 mM) were respectively added in to obtain maximal
fluorescent intensity (Fmax) and minimal fluorescence (Fmin).
The calculating equation is as follows:25,26
 2þ 
iðnmol=lÞ ¼ Kd ½ðR  Rmin Þ=ðRmax  RÞðF0 =Fs Þ
Ca

Here Kd equals 224 nmol/l.
Histologic Analysis
Liver and kidney specimens were fixed in buffered formalin
and embedded in paraffin. Tissue sections were stained
with hematoxylin and eosin (H–E) routinely, and examined
in a microscope. Representative micrographic images were
recorded with a digital camera at  200 or  400.

EM Specimen Preparation and Examination
The EM preparation of renal cortex specimens was
performed as described previously27 and the sections were
observed in JEOL JEM 1230 Transmission Electron
Microscope.
Serum Analysis
Serum levels of alanine transaminase (ALT), BUN, creatinine
(Cr), potassium ion (K þ ), sodium ion (Na þ ), and chloride
ion (Cl  ) were analyzed with commercial kits. Serum
levels of TNF-a and ET-1 were quantified by ELISA using
commercial kits (R&D Systems, Abingdon, UK).
Statistical Analysis
Software SPSS 13.0 was used in statistical analysis. Each
parameter was expressed as mean±s.e.m., and compared
using one-factor analysis of variance and least significant
difference (LSD) for multiple comparisons among groups.
Po0.05 was considered statistically significant.
RESULTS
Renal Failure Model Induced by GalN/LPS Treatment
Intravenous administration of a high dose of GalN and LPS
caused FHF in rats. Rat mortality reached 70% (14/20) 24 h
after the administration of GalN/LPS in rats. GalN/LPS
treatment led to a marked increase in serum levels of ALT,
BUN, Cr, K þ , TNF-a, and ET-1, whereas serum Na þ and
Cl  levels were decreased 12 h after the treatment (Table 1).
Liver histology exhibited massive hemorrhage and hepatic
necrosis as well as infiltration of inflammatory cells 12 h
after GalN/LPS challenge (Figure 1a). In contrast, renal
morphology of H–E staining and ultrastructure examined by
EM did not show any abnormalities in renal glomeruli and

Table 1 Serum levels of ALT, BUN, Cr, K þ , Cl  , Na þ and cytokines (means±s.e.m.)
Group

ALT (IU/l)

NS (n ¼ 8)

39.1±1.7
a

BUN (mmol/l)

Cr (mmol/l)

5.7±0.4

61.3±1.5

a,b

a

K þ (mmol/l) Cl  (mmol/l) Na þ (mmol/l)
5.2±0.1
b

101.4±0.7
a,b

141.3±0.3
a,b

TNF-a (pg/ml)

ET-1 (pg/ml)

42.5±7.6

17.8±1.4

G/L3h (n ¼ 7)

127.0±24.8

10.5±0.6

66.1±1.9

6.8±0.4

106.0±0.8

145.4±0.8

199.1±133.1

11.9±2.7

G/L6h (n ¼ 5)

508.2±209.7a

9.9±0.4a,b

71.6±1.8a,b

5.9±0.3

101.9±1.4a

143.2±0.3a

173.3±39.2

29.1±5.6

G/L9h (n ¼ 6)

1760.8±649.2a,b

10.2±0.9a,b

68.8±0.9a

5.8±0.2

100.9±0.7a

141.5±0.3a

549.3±200.3

b

b

G/L12h (n ¼ 9)

3595.3±319.9

14.7±0.9

G/L24h (n ¼ 5)

3145.6±485.9b

9.4±0.3a,

a

G12h (n ¼ 10)

92.6±11.7

L12h (n ¼ 10)

42.8±2.6a

8.2±0.4

b

a,b

11.1±0.4a,b
a,b

a

b

83.0±5.1

71.6±2.8a,b
a

b

6.3±0.2

6.0±0.4
a

b

94.7±1.0

96.5±1.0b
a

60.4±1.1

5.4±0.2

100.8±0.7

67.7±1.0a,b

5.7±0.1a,b

99.2±1.2a,b

a

a

anti-TNFa-G/L12h (n ¼ 5)

653.2±124.9

12.2±1.0

68.2±0.6

5.4±0.1

2-APB-G/L12h (n ¼ 5)

2264.4±223.6a,b

10.7±0.5a

75.0±3.3a

5.4±0.1a

a,b

100.6±0.7

98.1±0.8a

48.5±14.2

b

1581.0±655.0

91.8±21.5b

135.9±1.3b

280.9±107.3

27.6±6.4

132.7±1.7

b

a

140.7±0.3

57.4±10.3

141.1±0.5a

33.2±3.5a

a

a

19.2±3.3a
22.0±2.4a

a

137.9±1.3

162.6±63.4

15.6±2.5b

140.4±0.8a

2065.1±290.9b

16.1±3.1b

a

Po0.05 compared with GalN/LPS group (12 h). G ¼ GalN, L ¼ LPS.
Po0.05 as compared with N.S. control group.
Anti-TNF-a antibodies (5 mg/kg) or 2-APB (2 mg/kg) was administered 0.5 h before GalN/LPS treatment via tail vein. Serum samples were collected at
indicated time points after the treatment. Data represent means±s.e.m.

b
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Figure 1 Representative micrographs of GalN/LPS-induced liver injury and effects of anti-TNF-a antibody. (a) Morphology of GalN/LPS-induced acute
liver injury over time. The liver histology from rats 12 h after treatment with GalN/LPS shows massive hemorrhage and necrosis. (b) Anti-TNF-a
antibodies dramatically minimized liver injury, and the liver histology displays spotty or focal necrosis. (c) 2-APB slightly improved liver injury, and the
liver histology shows or focal necrosis. (d,e) are GalN and LPS controls. H–E staining, magnification:  200.
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tubules during all time points (Figure 2 and Supplementary
Figure 1). In the group of GalN/LPS treatment, five rats died
12 h after GalN/LPS injection. SBP between the group of
GalN/LPS treatment (n ¼ 10) and NS control group (n ¼ 5)
was not significantly different (131.46±3.23 vs 132.50±
3.38 mm Hg, P ¼ 0.861). Either GalN or LPS alone caused
mild liver injury histologically. Pretreatment with anti-TNF-a
antibodies attenuated these pathological changes more
effectively than 2-APB (spotty or focal necrosis vs focal
necrosis) (Figures 1b and c). No animals died in the groups
with anti-TNF-a or 2-APB treatment, and there was a
significant improvement in animal survival in comparison
with those treated with GalN/LPS (Po0.05).
Anti-TNF-a Antibodies and 2-APB Increased GFR of
Animals with FHF
FITC–inulin clearance was measured under a steady-state
condition. After implantation of micro-osmotic pumps in
the peritoneal cavity, the animals experienced significant a
weight loss over a few days and then gradually recovered
to a preoperative weight by day 7. Therefore, inulin clearance
was determined 7 days after the implantation. GFR was
calculated from plasma inulin levels and a known pump
infusion rate. GalN/LPS intoxication decreased GFR1 to 33%
of N.S. controls. GFR1 values in anti-TNF-a-GalN/LPS
group and 2-APB-GalN/LPS group were significantly improved compared with that in GalN/LPS group (Figure 3a).
Moreover, GFR values were presented in Figure 3a after a
correction of body weight (per kilogram, GFR2) and kidney
weight (per gram, GFR3), and the latter verified the decrease
in renal function during FHF caused by GalN/LPS intoxication
and the prevention by either anti-TNF-a or a-APB administration.
Effects of Anti-TNF-a Antibodies and 2-APB on
Expression of IP3R1 Protein
Western blot analysis was carried out to determine IP3R1
protein levels. Renal IP3R1 protein was increased in GalN/
LPS-treated group and the maximal level was seen at 12 h
(Figure 3b) when compared with NS controls, whereas IP3R1
in GalN group or LPS group was not different from N.S.
control group, which indicated that a single GalN or LPS
exposure did not significantly affect IP3R1 protein levels
(Figure 3c). Injection of anti-TNF-a antibodies dramatically
reversed IP3R1 protein levels in GalN/LPS-exposed animals,
whereas 2-APB did not significantly affect IP3R1 levels
in GalN/LPS-exposed animals (Figure 3d). In summary,

anti-TNF-a antibodies, but not 2-APB, significantly retained
renal IP3R1 protein levels in animals with FHF.
Effects of Anti-TNF-a Antibodies and 2-APB on Renal
IP3R1 mRNA Levels
To determine whether the increased IP3R1 protein level
in GalN/LPS-exposed rats was caused by enhanced gene
expression, renal IP3R1 mRNA levels were evaluated by
quantitative RT-PCR. As shown in Figure 4a, IP3R1 mRNA
levels were gradually increased along with the duration
after GalN/LPS exposure. It increased to nearly threefold
as early as 3 h compared with the controls, peaked at
9 h, and reached B10-fold. In animals with injection of
anti-TNF-a antibodies, IP3R1 mRNA levels were strikingly reduced compared with those with GalN/LPS exposure. In contrast, 2-APB did not significantly alter the
enhanced IP3R1 gene expression (Figure 4b). Therefore,
the mRNA data are consistent with protein levels, and
upregulated IP3R1 mRNA expression in GalN/LPS-exposed
rats was abrogated by anti-TNF-a antibodies, but not
by 2-APB.
Effects of Anti-TNF-a Antibodies and 2-APB on GIS
The changes in GIS reflect the glomerular size, and
indirectly indicate the vascular dilation/constriction status.
The ratio of GIS2 (treated by ET-1) over GIS1 (control)
is shown in Figure 4c. GalN/LPS exposure markedly
decreased GIS ratio compared with N.S. controls. GIS ratio
in GalN/LPS þ anti-TNF-a group and GalN/LPS þ 2-APB
group was improved compared with that in the GalN/LPS
group. Administration of either GalN or LPS alone
caused a mild decrease in GIS ratio compared with the
N.S. group.
Effects of Anti-TNF-a Antibodies and 2-APB on
Glomerular [Ca2 þ ]i
The basal [Ca2 þ ]i was calculated according to the equation,
and sustained [Ca2 þ ]i was calculated as the average value of
0.1 s exposure at 20.0 s intervals during ET-1 exposure for
10 min. Since cell numbers of each glomerulus could be
different, which might affect the value of [Ca2 þ ]i, we used
the ratio of sustained over basal [Ca2 þ ]i to represent the
effects of anti-TNF-a and 2-APB (Figure 4d). GalN/LPS
exposure increased [Ca2 þ ]i robustly compared with N.S.
controls. The pre-administration of anti-TNF-a reduced the
[Ca2 þ ]i level markedly, so did the pre-administration of
2-APB.

Figure 2 Renal electronic microscopic images in GalN/LPS-induced acute liver failure. Renal ultrastructure of GalN/LPS-induced acute liver failure was
examined under electron microscope. (a) NS controls: glomerulus (A1), proximal tubule (A2) and distal tubule (A3). (b) Renal ultrastructure of rats 12 h
after GalN/LPS exposure. Glomerulus (G) (B1), proximal tubule (PT) (B2) and distal tubule (DT) (B3). (c) Renal ultrastructure in GalN control rats.
Glomerulus (C1), proximal tubule (C2) and distal tubule (C3). (d) Renal ultrastructure in LPS control rats. Glomerulus (D1), proximal tubule (D2) and distal
tubule (D3). No significant abnormalities were found in the glomerulus, proximal and distal tubule of rats with GalN/LPS exposure, nor were in rats
treated with GalN or LPS alone.
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Figure 2 For caption see page 745.
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Figure 3 Effects of anti-TNF-a antibody on GFR and IP3RI protein levels. GFR1 was determined by the measurement of FITC–inulin clearance under
steady-state (equilibrium) conditions after implantation of micro-osmotic pumps and further corrected by body weight (BW) (GFR2) and kidney weight
(KW) (GFR3) (a). Western blot analysis of IP3R1 protein level change after GalN/LPS treatment (b). Effect of GalN or LPS alone on IP3R1 protein levels
significantly (c). Effect of IP3R1 protein expression of anti-TNF-a antibodies or 2-APB (d). Data represent means±s.e.m. (n ¼ 3). *Po0.05 compared with
saline controls. #Po0.05 compared witho GalN/LPS group.

Effects of Anti-TNF-a Antibodies and 2-APB on Serum
Parameters
A striking increase in ALT induced by GalN/LPS was
decreased more significantly by the administration of
anti-TNF-a antibodies than 2-APB (Figure 5A1). The
pre-administration of anti-TNF-a antibodies reduced the
serum levels of BUN, Cr, K þ and Cl  in GalN/LPS-exposed
animals, so did the pre-administration of 2-APB, but restored
serum Na þ levels (Figure 5A2, B1, B2, A3, B3). The serum
level of TNF-a was dramatically reduced by pre-administration of anti-TNF-a antibodies compared with that in the
GalN/LPS group, whereas pre-administration of 2-APB did
not significantly change serum TNF-a levels (Figure 5A4).
Neither pre-administration of anti-TNF-a antibodies nor
pre-administration of 2-APB significantly affected serum
levels of ET-1 (Figure 5B4).
www.laboratoryinvestigation.org | Laboratory Investigation | Volume 94 July 2014

DISCUSSION
There is no valuable animal model available representing
marked renal dysfunction without structural or histologic
alteration in severe hepatic damage. In the present study, we
found that 70% of rats died 24 h after GalN/LPS challenge.
Serum ALT levels were increased 92-fold compared with
controls and massive liver necrosis was evident 12 h after
GalN/LPS exposure. Thus, this GalN/LPS regimen caused
FHF in rats as we previously reported.14 At the same time, we
observed that BUN and Cr started to increase B3 h after
GalN/LPS exposure and peaked at 12 h, and LPS alone caused
a mild increase in serum creatinine and ET-1 levels, whereas
serum sodium levels were decreased in rats with GalN/LPS
challenge. Moreover, ET-1 level was increased B1.6-fold at
6 h and peaked (5.2-fold) 12 h after GalN/LPS treatment.
GFR was reduced to 33% of the controls 12 h after GalN/LPS
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Figure 4 Effect of anti-TNF-a antibody on IP3RI mRNA levels, glomerular inulin space (GIS) and glomerular calcium content. Rats were treated with
GalN/LPS treatment. RNA was extracted from renal tissues at the indicated time points. (a) IP3R1 mRNA levels change after GalN/LPS exposure.
(b) Effect of anti-TNF-a antibodies or 2-APB on IP3R1 mRNA levels. (c) GIS ratio was determined in isolated glomeruli in the presence of FITC–inulin.
GIS2 represents the condition with the treatment of ET-1, whereas GIS1 was used a control. (d) The ratio of basal over sustained [Ca2 þ ]i was used
to present calcium-level changes after GalN/LPS exposure and the treatment with anti-TNF-a or 2-APB. Data are represented as means±s.e.m.
(n ¼ 4 or 5). *Po0.05 as compared with N.S. control group. #Po0.05 compared with GalN/LPS group.

exposure. We did not see any significant change in renal
histopathology in the rats with FHF by both routine H–E
staining and EM examination. All these changes are in accordance with previous reports regarding the hemodynamics
and renal function in rats with hepatic failure.27–30 Taking
together, these data confirmed that we successfully
established an animal model of functional renal failure in
rats with FHF. To exclude effects of the systemic circulation
on renal function, we simultaneously monitored SBP of
animal models in order to exclude the prerenal azotemia.
Moreover, our model is superior to other models caused by
hepatic ischemia/reperfusion-induced acute injury or carbon
tetrachloride (CCl4)-induced cirrhosis because either these
two models displayed striking renal morphologic changes,
such as acute tubular necrosis, inflammatory changes and
interstitial capillary endothelial apoptosis.31,32
Several hypotheses have been proposed to explain the
development of acute renal failure in FHF. The common one
is that splanchnic and peripheral vasodilation with reduction
in effective arterial volume causes intense renal vasocon748

striction and functional renal failure.33 In short, renal
perfusion is maintained within normal or nearly normal
limits as the vasodilatory system antagonizes the renal effects
of the vasoconstrictor systems in the early phase of portal
hypertension. However, as liver disease progresses in severity,
the renal vasodilatory system is unable to counteract
the maximal activity of the endogenous vasoconstrictors
and/or intrarenal vasoconstrictors, and the consequence is
an uncontrolled renal vasoconstriction. Therefore, it is
conceivable that the intense vasoconstriction of the renal
circulation is the major pathophysiologic mechanism leading
to renal failure in FHF. TNF-a is a pleiotropic proinflammatory cytokine that is involved in many biological and
pathological processes. In GalN/LPS-induced FHF, LPS
might stimulate macrophages and monocytes to release
TNF-a.34,35 We have found a widespread destruction of
liver architecture as well as infiltration of inflammatory
cells in liver sections of rats after injection of GalN plus LPS.
The pathologic changes in the liver were worst 12 h after
the GalN/LPS exposure; however, there are no striking
Laboratory Investigation | Volume 94 July 2014 | www.laboratoryinvestigation.org
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Figure 5 Effect of anti-TNF-a antibody and 2-APB on serum levels of biochemical markers and cytokines. See experimental details in the Materials
and Methods section. (A1) ALT, (B1) BUN, (A2) Cr, (B2) K þ , (A3) Na þ , (B3) Cl  , (A4) TNF-a, (B4) ET-1. Data are presented as means±s.e.m. (n ¼ 4 or 5).
*Po0.05 compared with N.S. group. #Po0.05 compared with GalN/LPS group.

morphologic changes, but only a slight increase in serum
creatinine and ET-1 levels in LPS-treated animals.
Simultaneously serum TNF-a level reached a maximum
level, in an occurrence with the lowest GFR in rats with FHF.
When TNF-a was blocked by a monoclonal TNF-a antibody,
the mortality rate of GalN/LPS-treated rats was significantly
decreased from 70% to zero, and the compromised GFR was
www.laboratoryinvestigation.org | Laboratory Investigation | Volume 94 July 2014

also improved significantly. Therefore, TNF-a had an
indispensable role in the development of renal failure
during FHF, and might be one of crucial factors causing
declination in GFR directly or indirectly. However, it is
unclear whether TNF-a leads to acute renal failure secondary
to hepatic failure, or directly acts on the kidneys, because we
can’t completely rule out the direct effects of LPS on renal
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function. However, the dose of LPS we used was much lower
than reported.36
IP3Rs are the intracellular Ca2 þ release channels that have
a key role in Ca2 þ signaling in cells.37 Growing evidence
indicates that TNF-a upregulated IP3R1 expression, and
that the upregulation correlates with alterations in Ca2 þ
homeostasis in many conditions.38,39 We demonstrated in
a recent study that TNF-a enhanced IP3R1 expression at
mRNA and protein levels in HMCs, and identified TNFR1/
PC-PLC/PKCa-dependent and TNFR2-dependent IP3R1
genes.13 In the present study, the results of GIS and
glomerular [Ca2 þ ]i are in accordance with the changes of
the GRF and serum parameters during the GalN/LPS
exposure. High renal IP3R1 expression at both protein and
mRNA levels was seen in GalN/LPS-treated rats, and was in
accordance with serum ET-1 and TNF-a levels. Endothelin is
a potent vasoconstrictor of the renal vascular bed, and
promotes IP3-mediated Ca2 þ mobilization via the IP3Rs,
followed by release of stored intracellular Ca2 þ and Ca2 þ
entry through plasma membrane channels.40 The increase in
glomerular [Ca2 þ ]i after GalN/LPS exposure indicates that
IP3 signaling did have an important role in the mediation of
calcium influx in affected kidneys, probably in GMC or renal
VSMCs. The constriction of these cells significantly deceased
renal blood flow rate and GIS as seen in our study. Therefore,
these findings support the notion that signaling molecules,
such as endothilin-1 and IP3R1 may contribute to the
contraction of GMC and VSMC, which results in reduced
glomerular blood flow rate, and in turn decreases GFR
during the development of acute renal failure.
In GalN/LPS-treated rats, when TNF-a was blocked with
TNF-a antibody, it was observed that not only was liver
failure alleviated significantly but also GFR was improved
strikingly. At the same time, renal IP3R1 overexpression
was retained to a normal level. These findings imply a crucial
role of TNF-a in modulating IP3R1 signaling activities and
affecting GFR during FHF. In order to further prove that
TNF-a is involved in acute renal failure by enhancing IP3Rs
expression, we employed an inhibitor of IP3Rs (2-APB), and
found that reduction in GFR was reversed by administration
of 2-APB and renal function recovered, whereas 2-APB did
not affect the liver injury and serum TNF-a and ET-1 levels.
We speculate that 2-APB acted on the renal vessel bed by
inhibiting the IP3Rs signaling pathway, and in turn increased
GFR in rats with FHF while it has less effect on hepatic
failure. These findings strongly suggested that IP3R1 overexpression in GMC and VSMC is an important molecular
mechanism underlying TNF-a-induced GFR reduction.
There exists a disturbed balance of vaso-constrictive and
dilative substance during fulminant liver failure, and it is not
plausible that inhibition of only one vaso-constrictive substance could efficiently block an increase in IP3 and calcium
levels within the GMC and VSMC. Therefore, the inhibition
needs to target multiple layers at terminal steps of the signaling pathways of IP3R1 and calcium in order to achieve the
750

blocking contractile effect of vasoconstrictor substances on
GMC and VSMC.41
In conclusion, the findings in the present study demonstrate that TNF-a-induced reduction in GFR is responsible
for the development of acute renal failure during FHF. The
enhanced constrictive activity of renal vascular bed caused by
vasoconstrictors due to overexpression of TNF-a-dependent
IP3R1 gene and an increase in glomerular calcium levels
appears to contribute to GFR reduction. The TNF-a-dependent IP3R1 upregulation may well be an important target in
the treatment of acute renal failure.
Supplementary Information accompanies the paper on the Laboratory
Investigation website (http://www.laboratoryinvestigation.org)
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