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 Abstract 

  Background:  Genetically modified mice are used to investigate disease and assess potential inter-
ventions. However, research into kidney fibrosis is hampered by a lack of models of chronic kidney 
disease (CKD) in mice. Recently, aristolochic acid nephropathy (AAN), characterised by severe tubu-
lointerstitial fibrosis, has been identified as a cause of end stage kidney disease and proposed as a 
model of CKD. Published studies have used various dosing regimens, species and strains, with vari-
able outcomes. Therefore, we aimed to develop a standardised protocol to develop tubulointersti-
tial fibrosis using pure aristolochic acid I (AAI) in C57BL/6 mice.  Methods:  AAI dose optimisation was 
performed by intraperitoneal injection of AAI at varying dose, frequency and duration. Kidney func-
tion was assessed by serum creatinine. Fibrosis was quantified by hydroxyproline levels and Mas-
son’s Trichrome staining. Specific collagens were measured by immunofluorescent staining.  Re-

sults:  Single doses of AAI of  1 10 mg/kg caused acute kidney failure and death. Lower doses of 2.5 
mg/kg needed to be administrated more than weekly to cause significant fibrosis. 3 mg/kg once 
every 3 days for 6 weeks followed by a disease development time of 6 weeks after AAI led to re-
duced kidney weight and function. Substantial tubulointerstitial fibrosis occurred, with males more 
severely affected. Increased deposition of collagen I, III and IV contributed to fibrosis, with collagen 
III and IV higher in males.  Conclusions:  AAN can be induced in C57BL/6 mice. The regimen of 3 mg/
kg every 3 days for 6 weeks followed by 6 weeks of disease development time gives substantial tu-
bulointerstitial fibrosis with lesions similar to those in humans.  Copyright © 2013 S. Karger AG, Basel 
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 Introduction 

 Chronic kidney disease (CKD) leads to end stage kidney failure (ESKF) through a pro-
gressive scarring and fibrotic process irrespective of the initiating disease. One of the best 
tools we have in understanding the biology of fibrosis is the use of genetically modified mice. 
Many genetically modified mice have been generated on a C57BL/6 background  [1, 2]  due to 
several significant advantages of this strain  [3] . However, ESKF research is hampered by a 
lack of both aggressive and relevant models of CKD in mice and especially in the fibrosis 
resistant C57BL/6 strain. Therefore, costly and time-consuming back crossing onto other 
suitable strains is often required.

  The most commonly used mouse model is the unilateral ureteral obstruction (UUO) 
model  [4] . While the UUO model works in C57BL/6 mice  [5] , the biggest problem is that this 
model does not provide data on kidney function or proteinuria, both of which are essential 
for proper assessment of any gene manipulation or intervention. Although UUO induces 
inflammatory tubulointerstitial fibrosis, the generation of scar tissue is mild in C57BL/6 
mice. In addition, the UUO model is complicated by the extensive nephrosis that engulfs the 
kidney with time and interferes with assessment of fibrosis in more advanced disease. The 
streptozotocin model of diabetic nephropathy in mice is highly variable and it is experimen-
tally difficult to find a balance between hyperglycaemia and death in mice, especially in the 
C57BL/6 strain. The db/db mouse model of diabetic nephropathy shows a slow development 
of fibrosis  [6]  and is complicated when needing to cross with genetically modified mice. In 
C57BL/6 mice, the 5/6 subtotal nephrectomy fails to show any interstitial change with insig-
nificant glomerulosclerosis  [7] , although this model does work in 129SV mice  [8] . Protein 
overload instigates acute kidney failure rather than CKD, and a strain-dependent variability 
in disease development has been reported, with C57BL/6 mice being the least responsive 
strain  [9] . Puromycin aminonucleoside and adriamycin nephropathies do not work as mod-
els of focal segmental glomerulosclerosis in most mouse strains, although BALB/c is par-
tially susceptible. Therefore, there is a clear requirement to develop mouse models of CKD 
in C57BL/6 mice that mirror human pathology.

  Recently, aristolochic acid nephropathy (AAN) has been recognised as a cause of CKD. 
It was first reported in Belgium in the early 1990s when two women following a weight loss 
program rapidly developed ESKF  [10] . An epidemiological survey revealed other patients 
who had similar disease also attended the same weight loss program. All patients used slim-
ming pills that contained the Chinese medicinal herb  [10]  aristolochic acid (AA)  [11–16] . 
Morphologically, AAN is characterised predominantly by hypocellular interstitial scarring 
with small focal pockets of hypercellular interstitial fibrosis, both of which lead to tubular 
atrophy. Disease is more marked in the medullary ray and the outer cortex, with the glo-
meruli relatively spared  [11, 17] . Kidneys from AAN patients are typically smaller  [18] . Find-
ings of increased low molecular weight proteins ( � 1-microglobulin,  � 2-microglobulin, cys-
tatin C, Clara cell protein and retinal-binding protein)  [19] , with decreased neutral endopep-
tidase (an ectoenzyme of the proximal tubule brush border) in the urine from AAN patients 
 [20] , indicated that proximal tubular epithelial cells are the main target of AA.

  AAN patients may present with anaemia, mild proteinuria, glycosuria or leukocyturia, 
normal to mildly elevated blood pressure and increased serum creatinine  [21] . AAN can rap-
idly progress to ESKF and the progression of the disease can continue despite removing ex-
posure to AA  [22] . Approximately 2/3 of AAN patients require renal replacement therapy.

  The exact mechanism of how AA causes CKD is unknown. Current findings show that 
aristolochic acid I (AAI) induces severe reduction of peritubular capillaries resulting in hy-
poxia and tubular cell death  [23, 24] . AAI also decreased epidermal growth factor (EGF) ex-
pression in tubular epithelial cells, suggesting lack of regeneration in these cells. This was also 
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confirmed by the negative proliferating cell nuclear antigen (PCNA) staining in tubular cells 
from AAN patients  [24] . Furthermore, AAI increased the expression of fibrogenic cytokines 
transforming growth factor  � 1 (TGF � 1) and connective tissue growth factor (CTGF)  [24] . 
Taken together, AAI induces an irreversible tubule damage causing tubulointerstitial fibrosis.

  AA is found in  Aristolochia  and  Asarum  species. It has 11 derivatives with AAI and aris-
tolochic acid II (AAII) being prevalent. Both AAI and AAII are potentially carcinogenic, but 
only AAI has a nephrotoxic effect  [25] . While the kidney is the primary target organ of AAI 
due to AAI being concentrated in urine, AAI-DNA adducts have been found in kidney, blad-
der, stomach, intestine, liver, spleen, lung and brain  [26]  suggesting widespread distribution.

  So far, the few CKD studies using AAN in mice have employed a large variation in dos-
ing regimens, ranging from single high doses to daily low doses as well as a variable compo-
sition of AA. Furthermore, a wide variety of mice strains have been used ( table 1 ). Most im-
portantly, in these studies AA induced either acute kidney failure or just mild changes in 
kidney fibrosis  [25, 27–29] . Most studies failed to show convincing images of kidney fibrosis 
 [30–32] . Therefore, in this study, we aimed to develop a standardised protocol of kidney fi-
brosis in C57BL/6 mice using pure AAI, with extensive characterisation of tubulointerstitial 
fibrosis to demonstrate the relevance of the pathology to that in man.

  Subjects and Methods 

 Experimental Animals and AAI Dosage 
 AAN was induced in 8-week-old C57BL/6 mice by intraperitoneal injection of AAI (Sig-

ma Aldrich, China) using various dosing regimens ( table 2 ). Control animals received intra-
peritoneal injection of vehicle (DMSO, Sigma Aldrich, China). Mice were maintained at 

Table 1.  Different regimens used in the literature to induce AAN in mice

Strain Dosage Treatment period (total 
experimental period)

AA 
components

Level of kidney damage 
described

Ref.

NMRI 10–120 mg/kg (orally)
17–125 mg/kg (i.v.)

Single dose (up to 15 days) AAI (77%)/
AAII (21%)

Extensive tubular necrosis 
throughout the cortex

27

FVB 5 mg/kg/day (i.p.) 14 days (3 or 6 weeks) AAI (44%)/
AAII (56%)

Tubular degeneration with 
mild interstitial fibrosis

28

C57BL/6 2.5 mg/kg/day 
(orally or i.p.)

5 days a week for 2 weeks
(2 or 4 weeks)

AAI (55%)/
AAII (45%)

Mild and focal 
tubulointerstitial changes

29

C3H/He 2.5 mg/kg/day 
(orally or i.p.)

9 days (10 or 24 days) AAI (100%) Acute tubular necrosis and 
extensive cortical 
interstitial fibrosis

25

C57BL/6 10 or 20 mg/kg (i.p.) Single dose (28 days) AAI (100%) Hypocellular interstitial 
fibrosis, tubular atrophy

31

C57BL/6 +
129/SV

10, 20 or 30 mg/kg (i.p.) Single dose (28 days) AAI (100%) Hypocellular interstitial 
fibrosis, tubular atrophy 

30

C57BL/6 5 mg/kg/day (i.p.) Once every 2 days for 4 
weeks (4 weeks)

AAI (65%)/
AAII (27%)

Severe tubulointerstitial 
fibrosis

32

i.v. = Intravenous; i.p. = intraperitoneal.
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20   °   C and 45% humidity on a 12-hour light/dark cycle and allowed free access to standard 
rodent chow and tap water. All procedures were carried out under license according to regu-
lations laid down by Her Majesty’s Government, United Kingdom (Animals Scientific Pro-
cedures Act, 1986).

  Blood Pressure Measurement 
 Systolic blood pressure measurement was performed in conscious, restrained mice using 

a BP-2000 blood pressure analysis system with a tail cuff inflator and a photoelectric sensor 
(Visitech Systems Inc., USA). To acclimatise the mice, blood pressure measurement was per-
formed 5 days a week for 2 weeks before the actual readings were recorded.

  Fibrosis Measurement 
 4  � m, neutral-buffered, formalin-fixed, paraffin-embedded sections were stained using 

the Masson’s Trichrome stain kit (Sigma Aldrich, UK) following the manufacturer’s instruc-
tions (stains collagenous material blue and nuclei, fibres, erythrocytes and elastin red/pink). 
Quantification of kidney fibrosis on Masson’s Trichrome-stained sections was undertaken 
using multiphase image analysis as previously described using Cell F software (Olympus, 
Germany)  [33] .

  Blood and Urine Chemistry 
 Terminal blood samples were taken. Twenty-four-hour urine samples were collected using 

metabolic cages 24 h before termination. Serum and urine creatinine were measured as previ-
ously described  [34]  with modifications. 100  � l of serum was mixed with 1 ml of acetonitrile 
or 10  � l of urine mixed with 0.5 ml of acetonitrile. Samples were then centrifuged at 13,000  g  
for 15 min at 4   °   C. Supernatants were transferred, air dried and resuspended in 50 or 100  � l 

Table 2.  Dosing regimens tested to induce AAN in C57BL/6 mice

AAI Dosage Frequency Remodelling time Overall duration Group (n)

10 mg/kg or
20 mg/kg

Single dose 4 weeks 4 weeks Male control (3)
Male AAN (3)

2.5 mg/kg Single dose or once every 
2 weeks

4 or 2 weeks 4 weeks Male control (3)
Male AAN (3)

2.5 mg/kg Once a week for 4 weeks 1 week 5 weeks Male control (3)
Male AAN (3)

2.5 mg/kg Once a week for 4 weeks 4 weeks 8 weeks Male control (3)
Male AAN (3)

3 mg/kg Once every 3 days for 6 weeks 6 weeks 12 weeks Male control (5)
Male AAN (5)
Female control (5)
Female AAN (5)

3 mg/kg Once every 3 days for 3 weeks 6 weeks 9 weeks Male control (5)
Male AAN (5)

3 mg/kg Once every 3 days for 6 weeks 6 weeks 12 weeks Male control (10)
Male AAN (10)

3 mg/kg Once every 3 days for 6 weeks 9 weeks 15 weeks Male control (5)
Male AAN (5)
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of 5 m M  sodium acetate (pH 5.1) for serum or urine samples, respectively. 25  � l of processed 
sample was injected into an Agilent 1100 high-pressure liquid chromatography (HPLC) sys-
tem with a 10- � m 4.1  !  100 mm PRP-X200 cation exchange column (Hamilton, USA). Iso-
cratic HPLC was performed at a flow rate of 1.5 ml/min for 12 min after each injection using 
UV absorbance at 234 nm. A creatinine standard curve between 0 and 0.5 nmol was used for 
serum and between 0 and 6.5 nmol for urine. Blood urea nitrogen (BUN) was measured by 
standard autoanalyser technique. Albumin ELISA was performed by using a mouse albumin 
ELISA kit (Bethyl Laboratories, USA) following the manufacturer’s instructions.

  Immunofluorescent Staining 
 Immunofluorescent staining was carried out on 4- � m paraffin sections using a second-

ary antibody conjugated with fluorescein isothiocyanate (1:   20; DAKO, Denmark) or Texas 
Red (1:   200; Southern Biotech, USA). Following antigen retrieval, primary antibodies were 
applied as follows: rabbit anti-collagen I (1:   100; Abcam, UK), goat anti-collagen (1) III (1:   10; 
Southern Biotech, USA), rabbit anti-collagen IV (1:   35; Millipore, USA), rat anti-F4/80 (1:   50; 
Serotec, UK), rat anti-CD45 (1:   50; BD Pharmingen, UK), mouse anti- � -smooth muscle actin 
( � -SMA) antibody conjugated with fluorescein isothiocyanate (1:   50; Sigma Aldrich, UK), 
rabbit anti-S100A4 (1:   100; Abcam, UK).

  Immunofluorescent Collagen Measurements 
 Ten cortical fields of each section were acquired at a magnification of 200. These were 

analysed using multiphase image analysis as above with correction to 4’,6-diamidino-2-phe-
nylindole (DAPI) staining.

  Hydroxyproline Analysis 
 Kidney homogenates containing 1.5 mg protein per sample were hydrolysed in 6  M  HCl 

at 110   °   C for 18 h. These were clarified by centrifugation at 18,000  g  for 2 min and freeze 
dried. Samples were then resuspended in 200  � l of lithium loading buffer (Biochrom, UK) 
and 40  � l fractionated using a lithium chloride gradient on a Biochrom 30 amino acid anal-
yser using the manufacturer’s standard protocol (Biochrom, UK). Hydroxyproline was iden-
tified against an amino acid standard and expressed as nmol per mg protein.

  Statistical Analysis 
 Data is shown as mean  8  SEM. Data analyses were performed using one-way ANOVA 

or two-way ANOVA followed by a Bonferroni post hoc test. A probability of 95% (p  !  0.05) 
was taken as significant. 

  Results 

 AAI Dose Optimisation 
 A single intraperitoneal dose of  1 10 mg/kg AAI caused acute kidney failure and death 

within 14 days ( fig. 1 ). Under this regime the tubular cells sloughed off the tubular basement 
membrane ( fig. 1 b, arrowhead), with some tubules blocked by debris ( fig. 1 b, arrow). Single 
or twin doses (administrated on day 0 and day 14) of 2.5 mg/kg of AAI failed to induce fi-
brosis by 1 month ( fig. 1 c). A weekly injection of 2.5 mg/kg AAI for 4 weeks plus 1 week dis-
ease development time caused tubular damage in the outer cortical area and medullary ray 
( fig. 1 d), with a slight increase in fibrosis when given 4 weeks of disease development time 
( fig. 1 e). A dose of 3 mg/kg AAI every 3 days for 6 weeks followed by 6 weeks after AAI re-
sulted in more severe tubulointerstitial fibrosis ( fig. 1 f). 
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  Although similarly high levels of serum creatinine were detected in mice injected with 
2.5 mg/kg AAI weekly for 4 weeks with 1 week remodelling time and those receiving 3 mg/
kg AAI every 3 days for 6 weeks with 6 weeks remodelling time ( fig. 2 ), the first group failed 
to develop corresponding fibrosis ( fig. 1 d, f). Therefore, the dose of 3 mg/kg AAI every 3 days 
for 6 weeks was chosen for further studies in both male and female C57BL/6 mice.

  General Observation – 12-Week Model 
 Five male and 5 female mice received either 3 mg/kg AAI every 3 days (AAN groups) or 

vehicle (control groups) for 6 weeks and were then left for another 6 weeks. Mice not receiv-
ing AAI showed a steady increase in body weight through the experimental period. Com-
pared to the untreated mice, mice receiving AAI had 30.7 and 15.2% weight loss in male and 
female animals, respectively, at 12 weeks ( fig. 3 a). There was a small trend of increased sys-
tolic blood pressure in AAN mice ( fig. 4 a). However, the change was not significant. Kidneys 
from AAN animals were all found to be smaller and paler ( fig. 3 b). 90% of the AAN mice 

  Fig. 1.  Masson’s Trichrome staining of kidneys from male C57BL/6 mice treated with AAI at varying dose 
and frequency.  a  Control.  b  10 mg/kg single dose ( ! 400 magnification).  c  2.5 mg/kg once every 2 weeks 
for 4 weeks.  d  2.5 mg/kg/week for 4 weeks with 1 week of disease development time.  e  2.5 mg/kg/week for 
4 weeks with 4 weeks of disease development time.  f  3 mg/kg once every 3 days for 6 weeks with 6 weeks 
of disease development time. Magnification is  ! 100 unless stated. 
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also showed smaller and paler livers. There was no obvious tumour development observed 
in organs, but 50% of AAN mice did start to develop observable ascites 5 weeks after the first 
AAI injection. 

  Kidney Weight and Function 
 Mice receiving AAI had a 60.8% loss of kidney weight in males and 36% in females 

( fig. 4 b). AAI caused increases in serum creatinine from 15.4 to 34.4  �  M  in male mice and 
from 8.6 to 21.9  �  M  in female mice ( fig. 4 c). Changes in BUN were consistent with changes 
in serum creatinine ( fig. 4 d). 

  Kidney Fibrosis 
 The lesions in the AAN kidney from C57BL/6 mice were mainly located in the cortical 

area, especially at the edge of the cortex and medullary ray. The damage to the tubules caused 
by AAI seemed to be identical in both male ( fig. 5 b) and female ( fig. 5 d) mice. However, the 
subsequent tubulointerstitial fibrosis was more severe in male AAN mice than in female 
AAN mice ( fig. 6 a). This was confirmed by levels of hydroxyproline (representing whole kid-

  Fig. 2.  Kidney function in male 
C57BL/6 mice treated with AAI 
at varying dose and frequency. 
Kidney function was assessed by 
measuring serum creatinine 
concentrations ( �  M ) in mice 
treated with different doses of 
AAI (the x-axis labels show AAI 
concentration used per injection 
with number of injections given 
and overall duration in brackets). 
Data represent mean  8  SEM;
n = 3–5 per group.  *   Indicates 
statistical significance compared 
to the control group.  

  Fig. 3.  Body weight and kidney size in control and AAN mice. Mice were treated with 3 mg/kg of AAI for 
6 weeks and then maintained for further 6 weeks. Mouse body weight was measured at least once a week 
throughout the 12 weeks ( a ). Kidneys were removed at termination and directly compared. Male kidneys 
are shown ( b ). Data represent mean      8  SEM; n = 5 per group.   
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ney collagen). In the AAN male mice, levels of hydroxyproline were 4.7 times higher than in 
the male control group, while in female mice, it was reduced to 2.1-fold between AAN and 
control animals ( fig. 6 b). While there were clearly pockets of hypocellular fibrosis ( fig 5 b), 
especially in the medullary rays, the majority of the lesions contained increased numbers of 
infiltrating cells, notably in the outer cortex of the AAN kidneys. The bulk of the infiltrating 
cells were CD45+ lymphocytes ( fig. 7 A), although there were significant numbers of fibro-
blast specific protein 1 (FSP1) positive cells present in the AAN kidney. However, most of 
these were not  � -SMA positive ( fig 7 B). The  � -SMA positive cells in the AAN kidney were 
mainly vascular smooth muscle cells seen in arteries and arterioles ( fig. 7 B). Macrophages 
were hardly detectable ( fig. 7 C).

  Specific Collagen Accumulation 
 Increased collagen I was observed in the tubulointerstitial area in both male ( fig. 5 f) and 

female ( fig. 5 h) AAN mice ( fig. 6 c). Changes in collagen III showed a similar trend to colla-
gen I, with higher levels of collagen III deposition in the tubulointerstitium in male AAN 
mice than female AAN mice ( fig. 6 d). Kidneys from male AAN mice clearly demonstrated 
an elevated deposition of collagen IV occurred in the tubulointerstitium near the edge of the 
cortex and around the glomerular capsule ( fig. 5 n). Although there was a trend towards in-
creasing collagen IV in female AAN mice, this was not significant. Again changes in collagen 
IV deposition were higher in male AAN than in female AAN mice ( fig. 6 e).

  Fig. 4.  Systolic blood pressure, kidney weight and function differences in male and female mice. Male (M) 
and female (F) mice were treated with 3 mg/kg of AAI for 6 weeks and then maintained for a further 6 
weeks. Systolic blood pressure measurement was performed using a BP-2000 blood pressure analysis sys-
tem ( a ). Kidneys were removed at termination and weighed ( b ). Kidney function was measured by serum 
creatinine ( c ) and BUN ( d ). Data represent mean      8  SEM; n = 5 per group.  *  Indicates statistical signifi-
cance compared to the control group.  †  Indicates statistical significance compared to male AAN mice.  
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  Fig. 5.  Masson’s Trichrome (             ! 100) and immunofluorescent staining of collagens ( ! 200). Male (left 
hand columns) and female (right hand columns) mice were treated with 3 mg/kg of AAI for 6 weeks 
and then maintained for a further 6 weeks. Paraffin sections were stained with Masson’s Trichrome 
( a–d ), collagen I ( e–h ), collagen III ( i–l ) and collagen IV ( m–p ). Nuclei were stained with DAPI.      
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  Correlation analysis between Masson’s Trichrome staining and the three stained colla-
gens revealed that increases in the deposition of collagen I (Pearson’s r = 0.7221, p = 0.0003), 
collagen III (Pearson’s r = 0.8501, p  !  0.0001) and collagen IV (Pearson’s r = 0.7928, p  !  
0.0001) contributed to the build-up of fibrosis. 

  Disease Progression 
 To assess if progressive disease could be established in the AAN model, a repeat experi-

ment was performed. From the 12-week model used above (6 weeks AAI treatment with 6 
weeks remodelling time) experimental periods were shortened to 9 weeks with the AAI treat-
ment time reduced to 3 weeks, or lengthened by keeping to 6 weeks of AAI treatment and al-

  Fig. 6.  Comparison of fibrosis levels and collagen I, III and IV immunostaining between male and female 
C57BL/6 mice. Male (M) and female (F) mice were treated with 3 mg/kg of AAI for 6 weeks and then 
maintained for a further 6 weeks. Masson’s Trichrome staining ( a ) and immunofluorescence for collagen 
I ( c ), collagen III ( d ) and collagen IV ( e ) shown in figure 5 were quantified by multiphase image analysis 
of 10 fields per section. Kidney hydroxyproline in the same mice was expressed as nmol per mg protein 
(         b ). Data represent mean  8  SEM; n = 5 per group.        *  Indicates statistical significance compared to the 
control group.  †  Indicates statistical significance compared to male AAN mice.  
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lowing 9 weeks after cessation of AAI (i.e. 15 weeks) ( table 2 ). No significant changes in blood 
pressure were detected between the AAI-treated and AAI-untreated animals along the ex-
perimental period (data not shown). Results of both serum creatinine ( fig. 8 a) and creatinine 
clearance ( fig. 8 b) showed that kidney function was impaired by 9 weeks, but given a longer 
disease development time, it started to recover progressively from 9 to 15 weeks when the dif-
ference no longer reached significance. Although the albumin/creatinine ratio in urine was 
increased in the AAN mice, it only reached significance at 12 weeks ( fig. 8 c). Kidney fibrosis 
as demonstrated by Masson’s Trichrome staining showed that the damage occurred around 
the outer cortex area by 9 weeks ( fig. 9 a) and collagen accumulation (blue) was increased by 
12 weeks ( fig. 9 b) and progressed to 15 weeks ( fig. 9 c). This was confirmed by quantification 

  Fig. 7.  Immunofluorescent stain-
ing of infiltrating inflammatory 
cells and fibroblasts in the AAN 
kidney. 4              �   m thick sections from 
12-week-old male AAN mice 
were stained with CD45 (       A ), 
S100A4 in red and  � -SMA in 
green (   B ), and F4/80 ( C ). Nuclei 
were stained with DAPI. Boxed 
area on  ! 200 image is shown at 
 !   400 magnification in the right 
column.       
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  Fig. 8.  Comparison of kidney function, levels of collagen I, III and IV immunostaining and hydroxypro-
line in male mice with progression of AAN. Kidney function in the mice described in figure 7 was assessed 
using serum creatinine ( a ), creatinine clearance ( b ) and urine albumin/creatinine ratio ( c ). Quantification 
of immunofluorescence for collagen I ( d ), collagen III ( e ) and collagen IV ( f ) in the kidney were assessed 
by multiphase image analysis of 10 fields per section. Levels of hydroxyproline were expressed as nmol 
per mg protein (             g ). Data represent mean    8  SEM; n = 5–10 per group.                        *  Indicates statistical significance 
compared to the control group.  †  and  ‡  indicate changes from 9 and 12 weeks AAN groups, respectively. 



24

E X T R A
© 2013 S. Karger AG, Basel

Nephron Extra 2013;3:12–29

 DOI: 10.1159/000346180 
 Published online: January 11, 2013 

 Huang et al.: Development of a Chronic Kidney Disease Model in C57BL/6 Mice with 
Relevance to Human Pathology 

www.karger.com/nne

  Fig. 9.  Masson’s Trichrome staining in male mice with the progression of AAN. Male mice were treated 
with either AAI for 3 weeks followed by 6 weeks remodelling time (9 weeks), AAI for 6 weeks followed by 
6 weeks remodelling time (12 weeks) or AAI for 6 weeks followed by 9 weeks remodelling time (15 weeks). 
The development of kidney fibrosis is shown by Masson’s Trichrome-stained slides ( a–f ). Quantification 
of Masson’s Trichrome staining ( g ) was assessed by multiphase image analysis of 10 fields per section. Data 
represent mean                        8  SEM; n = 5–10 per group.                                *  Indicates statistical significance compared to the control 
group.  †  and  ‡  indicate changes from 9 and 12 weeks AAN groups, respectively. 
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of the staining ( fig. 9 g). However, no obvious fibrotic changes were observed in glomeruli 
( fig. 9 d, e). Significant increases in collagen I deposition occurred at 12 and 15 weeks ( fig. 8 d). 
Levels of collagen III deposition were increased in the AAN groups at the 3 time points, but 
they started to decrease from 12 weeks ( fig. 8 e). In contrast, collagen IV accumulation in the 
AAN groups was progressively increased throughout the experimental period ( fig. 8 f). When 
whole kidney collagen levels were assessed, in AAN mice an increase of kidney collagen was 
seen at 9 and 12 weeks until no significant difference was noted at 15 weeks ( fig. 8 g). 

  Discussion 

 To date, a large number of studies have used genetically modified mice on a C57BL/6 
background to demonstrate the role of specific genes in the progression of various diseases. 
However, C57BL/6 mice have been reported to be the most nephropathy-resistant strain, 
limiting the extent of their use in CKD studies  [8, 29, 35] . Therefore, to address this we have 
established a suitable AAN model of CKD in this strain of mice.

  The regimen of a 3 mg/kg AAI intraperitoneal injection once every 3 days for 6 weeks 
with 6 weeks remodelling time was selected for more substantial analysis as reduced kidney 
function was accompanied by clear tubulointerstitial fibrosis in the outer cortical area in-
cluding the medullary ray. Hypocellular scarring is a typical human AAN feature, but was 
clearly not as prominent in this model being restricted to the lower areas of the medullary 

  Fig. 10.  Masson’s Trichrome staining of liver ( a ) and peritoneum ( b ). 4                �   m thick sections from 12-week-
old male mice treated with AA1 were stained with Masson’s Trichrome (!400 magnification).                                         
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ray. Instead, the bulk of the fibrosis was associated with both a lymphocyte and fibroblast 
interstitial infiltrate. However, it should be noted that in man, there are also pockets of fibro-
sis with interstitial infiltrate present amongst the hypocellular fibrosis within the published 
images  [17]  which are often disregarded. Importantly, in this 12-week mouse model, lesions 
in the C56BL/6 kidney matched the detailed AAN pattern reported in rabbit  [11]  and in man 
 [17]  with progression down the medullary rays and sparing of the glomeruli. Of note was that 
there were clearly FSP-1-positive fibroblasts detectable in the interstitium which were not  � -
SMA positive and thus unlikely to be myofibroblasts.  � -SMA staining was not noted outside 
of the vasculature at any of the 3 time points studied and thus it is not likely, but cannot be 
proved because of remodelling times used, that the extracellular matrix (ECM) expansion is 
myofibroblast independent. While it is recognised that tubular cells can drive ECM expan-
sion in AAN by the production of interstitial collagens  [36] , fibroblasts would clearly con-
tribute to scar tissue formation by increasing interstitial collagen production and compo-
nents which regulate the ECM homeostasis such as TIMPs and MMPs. 

  The increase in infiltrating cells in the AAN mice kidney is consistent with a rat AAN 
model where Pozdzik et al.  [37]  demonstrated that during the progression of AAN, there was 
an early and massive interstitial inflammation consisting of monocytes, macrophages and T 
lymphocytes, explaining why steroid therapy is also beneficial in some AAN patients at ear-
lier stages of disease  [38] . 

  A potential complication of this model is the development of ascites, which was surpris-
ing given that this has not previously been reported in AAN models. However, given that 
some of the models described in  table 1  used much higher doses of AA and often for a pro-
longed period, it is difficult to understand why this had not been described before. Although 
there was no liver cirrhosis visible in any animal when assessed using Masson’s Trichrome 
staining, and the morphology looked normal in all animals ( fig. 10 a), livers from 90% of the 
AAN animals did seem to be slightly paler and fractionally smaller suggesting liver damage 
may potentially contribute to the ascites seen in the AA-treated animals. Alternatively, asci-
tes could be the consequence of peritoneum mesothelioma, consistent with the carcinogenic 
potential of AAI. Although specific AA-DNA adducts were not found in the peritoneum 
from AAN patient, such typical biomarkers of genotoxic damage by AA were present in the 
rabbit peritoneum which had been directly exposed to AA by intraperitoneal injection  [39] . 
No mesotheliomas were seen in this study, although Masson’s Trichrome staining on the 
peritoneum confirmed that some peritoneal sclerosis occurred in AAN mice ( fig. 10 b), which 
may also cause ascites, as could AAI-induced inflammation in the peritoneum that causes 
inflammatory ascites. Irrespective, the cause of ascites induced by AAI is beyond the scope 
of this study, but effectively limits AAI administration at 3 mg/kg every 3 days to 6 weeks 
duration as beyond this, drainage may be needed in some mice, while the 9-week model with 
3 weeks of AA1 treatment is less problematic in terms of ascites.

  Of interest, the AAN mice showed an obvious gender difference in disease progression. 
As in humans, males typically had a faster progression to ESKF  [40–43] . The female sex hor-
mone oestrogen is reported to contribute to the renal protective effect by interacting with 
endogenous vasoactive mediators such as endothelial nitric oxide synthase (eNOS) and vas-
cular endothelial growth factor (VEGF)  [44] . Equally, testosterone has been shown to have 
an effect on kidney morphology. Male rats have a larger cortex due to a more extensive de-
velopment of proximal tubules. Female rats have a greater volume of the medulla, gaining an 
increased proximal tubule volume if treated with testosterone  [45] . Therefore, due to AA 
damaging mainly the cortical region by targeting proximal tubules, it is not surprising that 
the application of AAI has more severe consequences in male mice. That said, in Europe 
AAN predominantly affects the female gender. This may be explained by the fact that wom-
en are more likely to attend slimming programmes  [46] . 
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  Of note in this study is that when fibrosis is measured by the area of Masson’s Trichrome 
and collagen immunofluorescence, it continues to increase from 9 to 15 weeks based on area 
of positive stain. In contrast, levels of total kidney collagen (hydroxyproline) adopt a down-
ward trend at 15 weeks, while kidney function also appears to recover. It is noticeable that 
while the area of lesions increases, the intensity by eye of Masson’s Trichrome staining low-
ers, which is indicative of lower ECM levels. This is supported by the hydroxyproline data 
which would also measure increased collagen synthesis at the time of insult as well as that 
deposited. Therefore, we predict that given time, the mice would undergo remission as oc-
curs in about 30% of human AAN patients who are identified early. Thus, we hypothesise 
that if this accelerated model is to be pushed into ESKF, a second period of AAI injections is 
needed to facilitate irreversible CKD in much the same way that is used in nephrotoxic ne-
phritis models of CKD. Given that some animals develop ascites after 5 weeks of treatment 
at 3 mg/kg every 3 days, we suggest that a 3-week AAI administration period with 6 weeks 
of recovery followed by a second 3-week AAI administration period may facilitate ESKF 
without the complication of ascites. However, the potential start of recovery in the model 
described here between 12 and 15 weeks provides the opportunity to study mechanisms in-
volved in fibrosis resolution or remission which are also of great scientific value.

  The model described here is simple, reproducible, independent of variations in AA, pro-
vides functional data, can be used in mice and is technically undemanding without the need 
for surgical skill or facilities. It effectively can be used as a generic model of interstitial fi-
brosis in much the same way as the subtotal nephrectomy and UUO models are currently 
used, but has characteristics of many types of interstitial nephropathies, for example isch-
emia, Lupus nephritis, partial ureteric obstruction, analgesic nephropathy and tubular tox-
icity. In conclusion, we have shown that AAN can be induced in C57BL/6 mice with a sim-
ilar pathology to human disease. Unlike previous studies, the regimen chosen was capable 
of inducing substantial tubulointerstitial fibrosis in a compressed time frame rather than 
acute kidney failure seen with a high single dose. It is anticipated that this model of experi-
mental kidney fibrosis could be consistently induced in genetically modified mice with a 
C57BL/6 background, thus offering a valid alternative to the well-established UUO model 
with the benefit of kidney function measurements and fibrotic lesions more closely reflect-
ing those in man. 
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