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(P < 0.05). In addition, CaOx crystallization was observed 
in both Groups A and B, but Group B showed earlier and 
more pronounced crystal deposition in the renal tissue. Our 
results indicated that renal tubular injury induced by renal 
ischemia might not affect Ox levels but could promote 
CaOx crystal retention under hyperoxaluria.

Keywords  Renal dysfunction · Urolithiasis · Calcium 
oxalate · Ischemia

Introduction

Urinary stone formation is a common disease that affects 
the urinary tract in all age groups [1]. The formation of uri-
nary stones is a multifactorial process that involves precipi-
tation, growth, aggregation and concretion of various litho-
genic salts in urine [2]. Existing theories such as nucleation 
and supersaturation can only partly explain the process, 
and the underlying etiology of nephrolithiasis has not been 
properly elucidated to date [3–5].

Calcium oxalate (CaOx) is the most common type of 
urinary stone, and patients suffering from urolithiasis 
caused by CaOx stones account for more than 60 % renal 
stone cases [2]. The subsequent formation of CaOx crystals 
may account for kidney stone formation. As proposed pre-
viously, hyperoxaluria is considered a major risk factor for 
urinary stone, and experimental induction of hyperoxaluria 
can lead to crystalluria and CaOx crystal deposition in the 
kidney [6, 7]. In addition, recurrent idiopathic stone form-
ers always show mild hyperoxaluria; meanwhile, amount 
and size of CaOx crystals, alongside disease severity, are 
highly related to urinary excretion of oxalate (Ox) [8]. 
Many studies suggested a more pronounced role for hyper-
oxaluria than that of hypercalciuria in the formation of 
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urinary stones [8, 9], although this notion was challenged 
by others [10] proposing hypercalciuria to be the prime 
metabolic ailment involved in stone formation.

However, CaOx particle formation does not mean that 
symptomatic stone disease is present. Indeed, although 
particles can be retained within the kidney, they need to 
undergo the size-enhancing process of growth and aggre-
gation to cause symptoms [11]. Crystals can be located at 
sites where they are accessible, i.e., beneath the urothelium 
of the papilla or adhered to the tubular lumen wall. With 
respect to sub-urothelial crystals, injury or degradation of 
urothelium is considered to play an important role as this 
leads to crystal exposure to the urinary environment favour-
ing further stone formation. Some scholars speculate that 
urothelial injury could promote crystal retention and the 
development of a stone nucleus allowing stone formation 
on the renal papilla [7, 12]. Furthermore, renal cell injury 
can also promote crystal–cell interaction and crystal reten-
tion in the tubules. Renal interstitium and tubular injury 
can be caused by several factors such as ischemia. Renal 
ischemia can lead to changes of oxygen tension in the renal 
tissue, thus inducing renal cell injury and dysfunction. It 
was proposed that vascular etiology is involved in primary 
stone event; meanwhile, kidney stones were shown to be 
associated with increased cardiovascular risk, including 
the risk for incident CHD or stroke [13, 14]. Therefore, the 
present study was conducted to investigate the association 
of renal tubular injury induced by renal ischemia with oxa-
late metabolism and CaOx crystal deposition, and further 
describe the etiology of CaOx stone formation.

Materials and methods

Experimental animals

Adult male Sprague–Dawley rats, weighing 120–130  g, 
were purchased from Shandong Lu Kang Animal center 
(China). They were singly housed in plastic cages and 
acclimated to room temperature (22  °C) with a 12  h 
light/12  h dark cycle for 1  week, in the vivarium of the 
Qingdao University Affiliated Hospital. The animals were 
provided with standard rat chow (Shandong LU Kang 

Animal center People’s Republic of China) throughout 
the study and allowed free access to water. The animal 
care and experimental protocols were in accordance with 
the guidelines of the Institutional Animal Care and Use 
Committee.

Experimental protocols

One hundred rats were randomly divided into four groups 
(N  =  25): Group A, Group B, Group C and Group D, 
respectively. As described in Table 1, rats in Groups A and 
B received 0.75 % ethylene glycol (EG) in drinking water, 
while Groups C and D animals were provided regular 
water. In addition, right nephrectomy was performed on all 
rats, and left renal ischemia was established by clamping 
the left renal artery of rats with silver clamper for 30 min 
in Groups B and C, as described previously [15]. Rats in 
Groups A and D underwent sham operation (Table 1).

The experiment lasted 14 days. Five rats per group were 
killed at experimental days 0, 2, 4, 7 and 14, and blood and 
urine samples collected for evaluating oxalate levels and 
renal function. After euthanasia by intraperitoneal injection 
of sodium pentobarbital, left kidney tissues were extracted 
for crystals deposition assessment.

Evaluation of oxalate metabolism and renal function

Rats were placed in metabolic cages for the collection of 
24 h urine. Afterward, urine samples were centrifuged for 
10 min at 1000 rpm and filtrated through 0.22 μm filters. 
Blood was extracted, after the rats were killed,via vena 
cava, mixed with methyl cyanide, and centrifuged for 
10  min at 1000  rpm. The levels of oxalate (Ox) in urine 
and serum samples as well as creatinine (Cr) and urea 
nitrogen (UN) in serum specimens were analyzed by liq-
uid chromatography mass spectrometry (LCMS) and ion 
mass spectrum(IMS) (L-1290, Thermo Electron Corpo-
ration, Waltham, MA, USA). Briefly, 10  µL of the sam-
ple was injected into a Waters OASIS WAX 2.1 × 50 mm 
column, and Ox, Cr and UN amounts in the samples were 
determined by the established standard curve. The column 
was eluted at a flow rate of 0.6 mL/min for 35 min at ambi-
ent temperature. Data acquisition and processing were 
performed with the Chromeleon version 6.80 software 
(Dionex, Sunnyvale, CA).

Assessment of CaOx deposition and crystal 
accumulation in the kidney

Left kidneys were extracted immediately after the rats 
were killed. Then, renal tissues were cut into 1.0 × 1.0 cm 
blocks marked with medulla and parenchyma, and 

Table 1   Animal grouping

Groups (N) Water diet + renal pedicle clamping

A (25) EG diet + Sham operation

B (25) EG diet + renal ischemia

C (25) Normal water + renal ischemia

D (25) Normal water + Sham operation
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immersed in 4 % paraformaldehyde for 24 h. After wash-
ing with PBS for 1.5 h, samples were fixed in osmic acid 
for 45 min. Then, tissue sections were prepared, and CaOx 
crystals distribution was determined under a transmission 
electron microscope (TEM, Hitachi H-7650, Japan). For 
the quantitation of crystal accumulation in the kidney, five 
transmission electron microscopy (TEM) fields were ran-
domly selected, in which crystals were counted and shown 
as mean ± standard deviation (SD).

Inflammatory cell assessment

Inflammatory cells in rats’ kidney were detected using the 
Anti-ICAM1 antibody (ab124760, Abcam, Cambridge, 
UK) and Anti-Streptavidin antibody (HRP) (ab191338, 
Abcam) by immunohistochemistry. Also, paraffin-embed-
ded sections were examined under a polarizing optical 
microscope (OLYMPUS).

Statistical analysis

Data were expressed as mean ±  SD. Differences among 
groups were determined using one-way analysis of variance 
(ANOVA) followed by Student–Newman–Keuls test (SPSS 
version 19.0; SPSS Inc., Chicago, IL, USA). A probability 
value of <0.05 was considered statistically significant.

Results

Detection of Cr and UN levels in serum

Serum Cr and UN amounts were detected to assess renal 
function changes in the four experimental groups.

As shown in Fig.  1, no significant difference was 
found in both Cr and UN concentrations among the four 
groups at day 0 (P  >  0.05). However, Cr levels increased 
overtly on day 2 in both Groups B (0.63  ±  0.05  mg/L) 
and C (0.62  ±  0.04  mg/L), which showed significantly 
higher values compared with those obtained in Groups A 
(0.24 ± 0.02 mg/L) and D (0.22 ± 0.02 mg/L) (P < 0.05). 
Meanwhile, UN levels in Groups B (171.36 ±  10.5  mg/L) 
and C (176.48  ±  15.2  mg/L) were also dramatically ele-
vated on day 2, and significantly higher than Group A 
(106.97 ± 11.7 mg/L) or D (105.72 ± 9.6 mg/L) (P < 0.05) 
values. From day 4, Cr and UN amounts decreased in Groups 
B and C and were significantly higher compared to Group A 
or D levels (P < 0.05) till day 7. The final detection results 
of Cr and UN levels in serum on day 14 showed no signifi-
cant difference among the four groups (P > 0.05). During the 
experiment, Cr and UN levels in Groups A and D changed 
inconspicuously and remained at relatively low concentra-
tions. In addition, when comparing Cr and UN levels between 
Groups B and C or between Groups A and D, no significant 
differences were observed throughout the study (P > 0.05).

Detection of Ox levels in urine and serum

Ox concentrations in serum and urine samples were 
assessed, and the results are reported in Fig. 2.

There was no difference in Ox levels among the four 
groups in either serum or urine samples at experimental 
days 0, 2 and 4 (P > 0.05). However, a significant increas-
ing trend in urine and serum Ox levels could be seen 
from day 7 in Groups A and B. On days 7 and 14, serum 
Ox levels in Group A (day 7: 0.61 ± 0.01 mg/L; day 14: 
0.64 ± 0.03 mg/L) or B (day 7: 0.59 ± 0.02 mg/L; day 14: 
0.65 ±  0.04  mg/L) were significantly higher than values 

Fig. 1   Serum creatinine (Cr) and urea nitrogen (UN) levels in differ-
ent groups of rats. Cr and UN levels were measured in serum sam-
ples obtained from Groups A (EG diet +  Sham operation), B (EG 
diet +  renal ischemia), C (normal water +  renal ischemia) and D 

(normal water + Sham operation) rats, at several time points after the 
operation. *P < 0.05 vs. Group A, #P < 0.05 vs. Group D. A creati-
nine; B Urea nitrogen
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obtained for both Groups C (day 7: 0.19 ± 0.01 mg/L; day 
14: 0.15 ± 0.01 mg/L) and D (day 7: 0.14 ± 0.01 mg/L; 
day 14: 0.15  ±  0.01  mg/L) (P  <  0.05). Meanwhile, 
compared with urine Ox amounts in Group C (day 7: 
4.26 ±  0.56  mg/L; day 14: 4.00 ±  0.67  mg/L) or Group 
D (day 7: 3.89 ± 0.43 mg/L; day 14: 3.77 ± 0.57 mg/L) 
on days 7 and 14, those of both Group A (day 7: 
17.42 ± 2.4 mg/L; day 14: 19.40 ± 3.6 mg/L) and Group 
B (day 7: 16.28 ±  3.0 mg/L; day 14: 18.26 ±  5.0 mg/L) 
were overtly higher (P < 0.05). However, no significant dif-
ferences in Ox levels were found in both serum and urine 
samples when comparing Groups A and B or Groups C and 
D throughout the experiment (P > 0.05).

Determination of CaOx crystals deposition

CaOx crystal deposition and pathological changes in the 
kidney were evaluated through examination of paraffin-
embedded sections by TEM and H&E. The renal tissues of 
rats in Groups A and B had a speckled appearance, which 
indicated the presence of crystals (Figs. 3 and 4).

TEM showed earlier detection of crystals deposition 
than H&E. As shown in Fig.  4, crystal depositions were 
observed as early as day 2 in Group B by TEM but only 
at day 4 by H&E. Gray and black crystal deposits could 
be found in interstitial tissues and papillary ducts. Moreo-
ver, more crystal deposits were observed in renal tissues 

Fig. 2   Urine and serum Ox levels in different groups of rats. Ox lev-
els were assessed in serum and urine samples obtained from Groups 
A (EG diet + Sham operation), B (EG diet + renal ischemia), C (nor-
mal water + renal ischemia) and D (normal water + Sham operation) 

rats, at several time points after the operation. *P < 0.05 vs. Group C, 
#P < 0.05 vs. Group D. Serum and urine levels are presented in A and 
B, respectively

Fig. 3   Crystal deposition in kidney samples from Group A rats. 
Crystal deposition was evaluated by H&E staining (×200) and TEM 
(×3000). Crystal deposition in the kidney was found from day 7 
(H&E) staining and day 4 (TEM). More crystals were observed in 

collection ducts and the interstitial at 7 and 14  days. Renal tubular 
cell death or tissue disorganization could be seen. White arrows indi-
cate crystals; black arrows indicate glomerulus; blue arrows indicate 
tubules; red arrows indicate renal interstitium
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at days 7 and 14. Crystal deposition was observed from 
day 4 in Group A as shown in Fig.  3. There were more 
crystal deposits in Group B than in Group A for the same 
time point. Accompanied with crystal deposition, renal 
cell death and tissue necrosis were also examined in both 
Group A and Group B; these pathological changes were 
more pronounced in renal tissues from Group B than those 
of Group A. Furthermore, most crystal deposits in renal tis-
sues adhered to the cell membrane and were surrounded 
by inflammatory cells, which revealed the relationship 
between crystallization and renal cell injury.

No crystal deposition was observed in both Group C 
and Group D (Figs. 5 and 6). However, similar to Group B, 

early cell death, collecting duct’s cell dislocation and cell 
shrinking (caused by renal ischemia) could be also found in 
Group C. Normal renal structure in Group D was observed, 
while altered renal papillary structure was observed in 
Group C.

Ox crystals quantitation in the kidney

As shown in Fig.  7, CaOx crystals were distributed in 
both papillary interstitium and tubular lumens variably. 
Group A (EG diet + Sham operation) showed more CaOx 
crystals (day 2: 0; day 4: 3.0 ± 0.8; day 7: 7.8 ± 1.6; day 
14: 11.4  ±  1.7) compared with saline treated animals, 

Fig. 4   Crystal deposition in kidney samples from Group B rats. 
Crystal deposition was evaluated by H&E staining (×200) and TEM 
(×3000). Crystal deposition in renal papillary was observed from day 

4 by HE staining, and day 2 by TEM. More crystallization could be 
found at 7 and 14 days. Arrows indicate crystals

Fig. 5   Crystal deposition in kidney samples from Group C rats. Crystal deposition was evaluated by H&E staining (×200) and TEM (×3000). 
No crystal deposition was found throughout of the experiment. Cell death or tissue disorganization was observed
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whether renal ischemic (Group C) or sham (Group D) rats 
treated with saline, which were devoid of CaOx crystals. 
Furthermore, Group B rats (EG diet  +  Renal ischemia) 
showed significantly higher CaOx crystal numbers (day 2: 
3.0 ±  0.8; day 4: 8.6 ±  2.7; day 7: 12.2 ±  2.2; day 14: 
15.4 ± 2.7) compared with Group A. (P < 0.05).

Inflammatory cells in kidney tissues

Inflammatory cells were assessed in various tissues using 
the specific marker ICAM1 by immunohistochemistry. 

As shown in Fig.  8, Groups B and C showed mark-
edly increased ICAM1 positive cell numbers, especially 
at days 4, 7 and 14, confirming that ischemia increases 
inflammation.

Discussion

Kidney stone formation is a complex and multifactorial 
process that involves a series of events such as precipita-
tion, growth, aggregation and concretion of various litho-
genic salts in urine. Existing theories such as nucleation 
and supersaturation can only partly explain the formation 
of CaOx stones. However, both in vitro and animal studies 
have demonstrated that high levels of oxalate and/or cal-
cium oxalate monohydrate (COM) is a major risk factor for 
the formation of stone nuclei [16–18]. In addition, previous 
studies indicated that renal tubular damage is tightly associ-
ated with the formation of kidney stones [2]. Interestingly, 
studies have revealed the presence of two distinct types of 
renal microscopical crystal deposition processes, includ-
ing intratubular and interstitial nephrocalcinosis, and the 
regeneration of renal epithelial cells may also contribute to 
the formation of nephrocalcinosis [19]. We performed the 
present study to investigate the relationship of renal tubular 
injury, oxalate metabolism and CaOx crystal deposition.

According to a previous study, we established the hyper-
oxaluria model in rats by given EG, a precursor of Ox, to 
the rats in drinking water [20]. Animals develop hyperox-
aluria [21], which leads to crystalluria and CaOx crystal 
deposition in the kidneys as shown in our study (Groups A 
and B). In addition, we detected the Ox levels in both serum 
and urine samples by LCMS and IMS, which provides a 

Fig. 6   Crystal deposition in kidney samples from Group D rats. Crystal deposition was evaluated by H&E staining (×200) and TEM (×3000). 
No crystal deposition was found throughout of the experiment. Normal renal tissue arrangement and cells were seen

Fig. 7   Degree of crystal accumulation in the kidney. Five transmis-
sion electron microscopy (TEM) fields were randomly selected, 
in which crystals were counted. Crystal numbers are mean ±  SD. 
Groups A (EG diet + Sham operation), B (EG diet + renal ischemia), 
C (normal water +  renal ischemia) and D (normal water +  Sham 
operation) samples were assessed. *P < 0.05
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more accurate method to measure low concentrations of 
molecules in a minimal specimen volume [22]. Ox, a small 
dicarboxylate ion, is freely filtered at the glomerulus, and 
its active secretion by renal proximal tubule cells contrib-
utes to the overall urinary excretion of Ox [17]. Detecting 
Ox amounts in urine is a simple way to evaluate the Ox 
metabolism [18]. In the present study, significant increase 
of Ox levels in Groups A and B was observed from experi-
mental day 7. In addition, the renal tubular injury was 
induced by renal ischemia in Groups B and C in the pre-
sent study. Detection of Cr and BUN levels was performed 
to evaluate renal function damage. Cr and BUN levels both 
increased significantly in Groups B and C as early as exper-
imental day 2; this damage was reversible since Cr and 
BUN levels decreased to basal levels at day 14.

Stroller hypothesized that stone formation is related to 
vascular system disorders such as obesity, hypertension and 
coronary heart disease [13]. Renal ischemia is the result 
of either acute or chronic vascular diseases such as hyper-
tension or coronary heart disease [13, 14]. Microvascular 
impairments result in chronic tissue hypoxia, interstitial 
inflammation and fibrosis [18]. In addition, reversible or 
irreversible renal failure can be determined by the sever-
ity and duration of hypoxia and oxidative stress. Therefore, 

the metabolic alterations induced by vascular diseases may 
promote crystal deposition. However, our results showed 
that renal dysfunction induced by ischemia did not impact 
oxalate excretion, either in EG or normal diet groups. 
Indeed, oxalate levels showed no significant differences 
between EG Groups (A and B) either in serum or in urine 
(P > 0.05). Only low and stable oxalate levels were seen in 
Groups C and D, which were not exposed to ethylene gly-
col. Oxalate measurements were only performed on urine 
supernatants, with no urinary crystals taken into considera-
tion. Therefore, only a partial assessment of oxalate excre-
tion was carried out, ignoring excreted crystalline oxalate. 
This was a limitation of this study.

After detection of CaOx crystal deposition by TEM, 
most crystallization was observed in necrotic areas of the 
interstitial tissue and papillary duct, attached to the surface 
of injured or necrotic cells in rats with hyperoxaluria. In 
addition, compared to rats only fed EG, Group B animals 
with extra treatment of renal ischemia injury showed earlier 
and more pronounced crystal deposition in renal papilla. 
According to our results, renal tubular injury by acute renal 
ischemia could promote crystal retention and the develop-
ment of a stone nidus on the renal papillary surface, fur-
ther enhancing crystal nucleation, corroborating previous 

Fig. 8   Inflammatory cells in different groups of rats inflamma-
tory cells were assessed in various tissues using the specific marker 
ICAM1 by immunohistochemistry. Groups A (EG diet  +  Sham 

operation), B (EG diet +  renal ischemia), C (normal water +  renal 
ischemia) and D (normal water  +  Sham operation) samples were 
assessed
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findings. In addition, crystal deposition was located at the 
interstitial tissue and papillary duct as shown above.

Furthermore, exposure to high Ox or CaOx levels can 
also cause cell death and renal tissue injury as shown in 
Groups A and B that can further promote crystal deposition. 
Interaction between CaOx and the renal epithelium and 
interstitium is considered a key process in the pathogenesis 
of CaOx stones [23, 24]. Over the past decades, increasing 
evidence has indicated that production of reactive oxygen 
species (ROS), such as superoxide radical, hydrogen per-
oxide and hydroxyl radicals, accounts for renal ischemia 
induced renal dysfunction [25]. We propose that Ox and/or 
CaOx crystals may induce oxidative stress in kidneys and 
lead to an increased production of free radical, resulting 
in cell damage or cell death in renal tissue; however, this 
hypothesis should be tested by further studies. Then, crys-
tal retention can be promoted due to increased exposure of 
crystal attachment sites as a result of tubular cell detach-
ment or membrane structure alteration after oxalate and/or 
crystal injury, as proposed previously [26–28].

Conclusion

Our findings demonstrated that oxalate metabolism is not 
influenced by temporary renal dysfunction induced by 
acute ischemia even under hyperoxaluria, while renal tubu-
lar injury induced by renal ischemia could promote CaOx 
crystal deposition. The interaction of injured cell and CaOx 
crystals could be a key process in the formation of urinary 
stones.
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