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A B S T R A C T   

The beneficial effects of caloric restriction (CR) and a ketogenic diet (KD) have been previously 
shown when performed prior to kidney injury. We investigated the effects of CR and KD on 
fibrosis development after unilateral kidney ischemia/reperfusion (UIR). Post-treatment with CR 
significantly (p < 0.05) affected blood glucose (2-fold decrease), ketone bodies (3-fold increase), 
lactate (1.5-fold decrease), and lipids (1.4-fold decrease). In the kidney, CR improved succinate 
dehydrogenase and malate dehydrogenase activity by 2-fold each, but worsened fibrosis pro-
gression. Similar results were shown for the KD, which restored the post-UIR impaired activities 
of succinate dehydrogenase, malate dehydrogenase, and α-ketoglutarate dehydrogenase (which 
was decreased 2-fold) but had no effect on fibrosis progression. Thus, our study shows that the use 
of CR or KD after UIR did not reduce the development of fibrosis, as shown by hydroxyproline 
content, western-blotting, and RT-PCR, whereas it caused significant metabolic changes in kidney 
tissue after UIR.   

1. Introduction 

The transition from acute kidney injury (AKI) to chronic kidney disease (CKD) is accompanied by the appearance of scar tissue 
(fibrosis) [1], which impairs renal function and can be fatal [2]. Fibrosis in various organs is known to be responsible for nearly 45 % of 
deaths in developed countries [3]. The incidence of CKD and kidney fibrosis has steadily increased since the 1990s, and 1.2 million 
people died of CKD worldwide in 2017 [4]. Given the prevalence and dangerous nature of renal fibrosis, the search for antifibrotic 
drugs and treatment strategies is urgent. 

Fibrosis formation may be associated with changes in cell bioenergetics. For instance, glycolytic flux may be a critical point in the 
regulation of collagen synthesis and fibrosis development in various pathologies [5]. Retardation of certain glycolytic enzymes leads to 
a decrease in fibrosis development in various organs, which has been demonstrated in both cell and animal models. On the other hand, 
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suppression of the fatty acid oxidation pathway results in an increase in the synthesis of extracellular matrix (ECM) proteins even when 
glycolytic activity remains unchanged [5]. 

The ECM is a crucial element of tissue architecture necessary to give the organ its proper shape and to perform a number of other 
functions: in particular, transport, signaling, etc. Excessive formation of EMC is found in a number of pathological processes and is 
often associated with inflammation. Turnover of ECM elements is a largely energy-dependent process and energy metabolism is 
important for maintaining ECM homeostasis. Therefore, approaches affecting metabolism may be a promising strategy to manage and 
reduce fibrosis. This requires in-depth experimental investigation [5,6]. 

Dietary approaches, especially caloric restriction (CR), have previously been shown to be protective in the treatment of various 
pathological processes [7–12], including AKI [12,13]. Moreover, the protective properties of fasting against the development of 
tubulointerstitial fibrosis have been previously demonstrated [14]. In further studies, researchers have shown that fasting affords 
protection against renal injury and fibrosis development associated with ischemia-induced AKI [15]. 

Fig. 1. Morphology and weight changes in mice and their kidneys after UIR. (A) Detection of NGAL in urine samples before and 24 h after surgery 
by Western blotting. The uncropped images are available in the supplementary material of the manuscript (S1). (B) Dynamics of body weight during 
4 weeks after UIR of the experiment in mice fed different diets (****p < 0.0001 in UIR and UIR + CR differences (T-test and Mann-Whitney U test). 
(C) Appearance of intact right and ischemic left kidney 4 weeks after UIR (bar, 5 mm) when exposed to different feeding protocols. (D) Left kidney 
index. (E) Right kidney index. (F) Ratio of kidney weights. For all groups, n = 11. 
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KD has been shown to attenuate acute and chronic ischemic kidney injury and reduce markers of oxidative stress and inflammation 
[16]. On the other hand, feeding a ketogenic diet (KD) for 4 weeks impaired interstitial fibrosis and exacerbated cardiac remodeling in 
spontaneously hypertensive rats [17]. After exogenous administration of β-hydroxybutyrate (β-OHB) mimicking KD, a decrease in 
mitochondrial biogenesis and an increase in cardiac fibrosis were demonstrated in rats [17]. Therefore, further studies are needed to 
uncover the relationship between dietary approaches and fibrosis formation before they can be used in humans. 

Note that in most studies, diets were performed prior to onset of AKI. Therefore, in this work, we investigated how KD or CR 
affected the development of kidney fibrosis when used after unilateral kidney ischemia/reperfusion (UIR). 

2. Results 

To diagnose AKI after UIR, we examined urinary neutrophil gelatinase-associated lipocalin (NGAL) levels. NGAL was not detected 
in urine samples collected before UIR, but this marker protein increased one day after surgery (Fig. 1A), indicating the development of 
AKI. 

Weekly body weight dynamics showed that mice fed 35 % CR lost approximately 30 % of their weight by the end of week 4 (p =
0.0001), while mice fed KD had the same weight as ad libitum fed mice (Fig. 1B). At 4 week post-UIR, left kidneys exposed to ischemia 
appeared smaller than intact (Int) right kidneys and had a rough surface (Fig. 1C). In addition to visual assessment, we measured 
kidney index for the left and right kidneys (Fig. 1D and E) and the weight ratio of the kidneys (Fig. 1F), indicating irreversible tissue 
loss after kidney injury. In general, UIR resulted in a significant 1.2-fold decrease in left kidney index in all groups (p < 0.05 for UIR +

Fig. 2. Analysis of renal fibrosis. (A) Kidneys were stained with Masson trichrome to identify collagen deposition. (B) Changes in Hyp concentration 
after hydrolysis of kidney tissue (n = 6). (C) Western blot analysis of α-SMA levels in kidneys (n = 5). The uncropped images are available in the 
supplementary material of the manuscript (Fig. S2). 

E.I. Yakupova et al.                                                                                                                                                                                                   



Heliyon 9 (2023) e21003

4

CR and KD, p < 0.005 for UIR compared to Int control) (Fig. 1D) and to some increase in the right kidney index (Fig. 1E): by 1.2-fold in 
the case of UIR + KD (p < 0.0005), which ultimately translated into an increased right-to-left kidney ratio (Fig. 1F). In the UIR + KD 
group, these changes were significant (p < 0.005) and more pronounced than in the UIR (p < 0.05) and UIR + CR (no significant 
differences) groups (Fig. 1E and F). Thus, kidney indexes show that the UIR + KD group has greater changes than the UIR + CR group. 

Histochemical analysis of fibrosis progression by Masson trichrome staining showed an increase in collagen content in the kidneys 
after UIR in all groups (Fig. 2A). We also examined collagen content by measuring hydroxyproline (Hyp), a result of alkaline hydrolysis 
of connective tissue collagen, whose content increased significantly after UIR. In the UIR and UIR + KD groups, we observed a 2-fold 
increase in Hyp content from 600 to 1240 μg/g tissue (p < 0.005), while in the UIR + CR group, there was a 3-fold increase to 1670 μg/ 
g tissue (p = 0.0001) compared with the Int control (Fig. 2B). We also observed the tendency to increase the α-smooth muscle actin 
(α-SMA) level by 2.4-fold in the kidneys of the UIR + CR group (Fig. 2C). Although we found higher hydroxyproline content and α-SMA 
levels in the UIR + CR group, the differences with UIR + KD were not statistically significant. 

In addition, we investigated the influence of CR and KD on the development of renal fibrosis after UIR by examining the expression 
of Col1a1, Col4a1, TGFβ1, MMP2, Timp2 genes (Fig. 3A–E), which play a role in fibrosis development [18–20]. The expression of 
Col1a1 was significantly increased in the UIR (by 10-fold, p < 0.005) and UIR + KD (by 8-fold, p < 0.05) groups compared to the Int 
group (Fig. 3A), while TGFβ1 expression in the kidneys of all mice increased 3–3.5-fold after UIR (p < 0.05 in UIR and UIR + KD 
groups, p < 0.005 in UIR + CR group) (Fig. 3C). Timp2 expression was increased in the UIR (by 4.4-fold, p < 0.005) and UIR + diets (by 
4–5.7-fold) groups, with the highest levels in the UIR + CR group (p < 0.0005) (Fig. 3E). Interestingly, the mRNA expression of Col1a1 
in the UIR + CR was similar to that in the Int group (no significant differences). 

Fig. 3. mRNA expression of the genes associated with fibrosis. (A) Сol1a1; (B) Сol4a1; (C) TGFβ1; (D) MMP2; (E) Timp2. For all groups, n = 4.  
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Analysis of metabolites in serum 4 weeks after UIR (Fig. 4, Table S1) showed that glucose levels were reduced 2-fold from 9.6 to 5.7 
mmol/L in the UIR + CR group compared with the Int (p < 0.005) and UIR (p < 0.05) groups. Ketone body levels were increased 3-fold 
from 0.2 to 0.7 mmol/L in the UIR + CR group compared to the Int group (p < 0.05). Lactate levels were decreased 1.5-fold from 3.5 to 
5.7 mmol/L in the UIR + CR group compared with the UIR group, p < 0.05 (Fig. 4A). No significant differences were observed in 
pyruvate levels and lactate/pyruvate ratio between all groups. 

In the UIR + CR group, total lipid and triglyceride levels, but not total cholesterol, were lower than in the other groups (Fig. 4B): by 
1.25-fold for total lipids (p < 0.05) from 1.2 to 1.6 g/L and by 2.25-fold for triglyceride levels (p < 0.0005) from 0.5 to 1.2 mmol/L. 
Total protein levels were significantly (p < 0.05) 1.15-fold higher in the UIR + KD group from 72.5–80 g/L (Fig. 4C). Neither UIR nor 
the dietary protocols altered albumin levels and the albumin to globulin ratio. 4 weeks after UIR, markers of AKI such as urea and 
creatinine were not elevated in any group (Fig. 4D), indicating unaffected kidney function. KD reduced TBARS levels by 1.2-fold in the 
UIR + KD group compared with the Int group (p < 0.005) from 25.8 to 21.4 μmol/L (Fig. 4D). 

We demonstrated that UIR led to a ~2-fold decrease in the activity of Krebs cycle enzymes in isolated mitochondria, such as 
α-ketoglutarate dehydrogenase from 42 to 24 U/mg protein (p < 0.05), succinate dehydrogenase from 22 to 10 U/mg protein (p <
0.05) and malate dehydrogenase from 141 to 78 U/mg protein (p < 0.005) (α-KGDH, SDH, and MDH, correspondingly, Fig. 5A–C). 
Similarly, α-KGDH activity was not restored in the UIR + CR group stayed 24 U/mg protein (p < 0.05) (Fig. 5A). No significant changes 
were observed in citrate synthase activity and isocitrate dehydrogenase activity (CS and ICDH, correspondingly) (Fig. 5D and E) 

Fig. 4. Effect of diets on plasma levels of metabolites. (A) Major energetic metabolites. (B) Lipid metabolites. (C) Proteins. (D) Oxidative stress and 
AKI markers in the serum. For all groups, n = 6. 

Fig. 5. Activity of Krebs cycle enzymes in renal mitochondria after UIR and post-treatment with different diets. (A) α-ketoglutarate dehydrogenase 
activity. (B) Succinate dehydrogenase activity. (C) Malate dehydrogenase activity. (D) Citrate synthase activity. (E) Isocitrate dehydroge-
nase activity. 
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between all groups, although there was a trend toward a decrease in 2-fold of ICDH in the UIR group from 157 to 79 U/mg protein (p =
0.06). 

In the UIR, UIR + CR, or UIR + KD groups, the rate of glycolysis measured in the kidneys did not change 4 weeks after injury 
(Fig. 6A). Among glycolysis enzymes, the only significant difference was phosphofructokinase (PFK) activity, which was increased 1.5- 
fold after UIR from 460 to 636 U/mg protein (p = 0.09) and decreased to normal levels in the UIR + KD group to 421 U/mg protein (p 
< 0.05) (Fig. 6B). We did not observe any differences in the activities of other glycolysis enzymes (Fig. 6C–F). 

Renal redox status was indirectly estimated by measuring antioxidant enzymes activity 4 weeks after UIR with different diets. 
However, we did not detect significant differences (see Fig. S3). 

3. Discussion 

Renal pathologies are one of the leading causes of mortality in the world and the treatment of these diseases is a huge financial 
burden. In this regard, the development of effective therapeutic approaches for kidney diseases, but the success in this direction has 
been very modest. Rapid progression of renal disease from AKI to CKD and end-stage renal disease are primarily associated with tissue 
remodeling and fibrosis. 

The formation of renal fibrosis is a complex multicomponent process involving activation of mesangial cells and fibroblasts, tubular 
epithelial-to-mesenchymal transition [21], monocytes/macrophage infiltration, etc. [22]. Excessive activation of the immune response 
leads to glomerulosclerosis and tubulointerstitial fibrosis, which causes tubular atrophy, capillary loss, and podocyte depletion [23]. 
All components of this pathological process may become potential targets for the regulation of fibrosis formation. In addition, 
degradation of extracellular matrix components by proteolytic enzymes may also be considered as a target to reduce fibrosis, but the 
available data are controversial [24–27]. 

However, regardless of the spatial origin of renal fibrosis, it is an energy-dependent process, in which substrate and energy supply 
are critical for the synthesis and degradation of fibrotic elements. Modulation of energy metabolism may allow recovery of damaged 
tissue and attenuate the development of fibrosis. One of the most effective to intervene externally in energy metabolism is to influence 
diet. CR and KD are two examples of therapeutic strategies that have already demonstrated their efficacy in various disease models. 

KD, a diet low in carbohydrates and high in fat, has been used to treat epilepsy since the 1920s, and there have been attempts to use 

Fig. 6. Glycolysis rate and glycolysis enzymes activity in the kidneys after UIR and different diets. (A) Glycolysis rate. (B) Phosphofructokinase 
activity. (C) Pyruvate kinase activity. (D) Lactate dehydrogenase activity. (E) Aldolase activity. (F) Hexokinase activity. 
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KD against some ischemic pathologies of various organs [28]. Today, standard KD consists of a ratio of four parts fat (long-chain 
triglycerides) to one-part combined protein and carbohydrate, supplemented with vitamins and minerals. It is known that a 3-day KD 
increases tolerance to experimental kidney ischemia, reduces the number of injured tubules, and preserves renal function [16], while 
exogenous ketones reduce oxidative stress, inflammation, cell death, and fibrosis in the kidney [29]. Previously, limiting food intake by 
35 % (35 % CR) was also found to have a protective effect in AKI [12]. In addition, fasting protects against the development of 
tubulointerstitial fibrosis [14]. In other studies, researchers demonstrated that fasting mediated protection against renal injury and 
fibrosis development after ischemic AKI [15]. In all cases, dietary interventions were performed before surgery. However, how CR and 
KD post-treatment may affect fibrosis development after kidney ischemia is still unknown. 

In our study, we demonstrated that KD post-treatment did not affect fibrosis development 1 month after 30-min UIR, but CR post- 
treatment tended to stimulate fibrosis in the kidney through an additional increase in fibrosis markers such as Hyp content, mRNA 
expression of Timp2, and α-SMA level (Fig. 7). 

It should be noted that although α-SMA is commonly cited as a marker of activated fibroblasts, there is data showing that α-SMA 
appears to be an inconsistent marker of fibrogenesis [52]. Myofibroblasts with α-SMA expression did not play a significant role in 
bleomycin-stimulated pulmonary fibrosis or unilateral ureteral obstruction kidney fibrosis, although they make a significant contri-
bution to CCl4-induced liver fibrosis [30]. Also, myofibroblasts present in skeletal muscle during fibrosis do not express α-SMA, and the 
level of α-SMA expression by intramuscular fibrogenic cells did not correlate with the level of collagen gene expression or with the 
severity of skeletal muscle fibrosis in mdx5cv mice [31]. Thus, not all cells express α-SMA that can be attributed to fibrogenic cells, and 
it is tissue-dependent [30,31]. In our experiment, we also demonstrated a statistically non-significant increase in α-SMA levels in the IR 
model of kidney fibrosis. 

Moreover, CR caused significant changes in circulating metabolites in the blood (Fig. 4). Specifically, (1) glucose levels were 
reduced in the UIR + CR group compared to the Int group as well as the UIR group; (2) ketone bodies were increased in the UIR + CR 
group compared with the Int group; (3) lactate levels were decreased in the UIR + CR group compared with the UIR group; (4) total 
lipids were lower in the UIR + CR group compared with the Int group; (5) triglyceride levels were also lower in the UIR + CR group 
compared with all other groups; (6) total protein levels were lower in the UIR + CR group compared with the UIR + KD group 
(Summarized in Fig. 8). Lower TBARS levels and higher total protein levels were observed in mice in the UIR + KD group compared 
with the mice in the Int group (Fig. 8). 

A number of studies have demonstrated metabolic alterations associated with the development of fibrosis, most of which involve 
increased glycolysis and decreased fatty acid β-oxidation pathway (for a review, see Refs. [5,7]). The most important experiments 
showing metabolic reprogramming were performed in fibroblasts in vitro, but few experiments showed the energetic changes in vivo 
[5]. In particular, these effects were shown in induced lung fibrosis in C57BL/6J mice [32], in four models of nonalcoholic steato-
hepatitis in mice and rats [33], in bleomycin and TGFβ-induced lung fibrosis models [34]. 

In our study, we observed in vivo that fibrosis after UIR was accompanied by elevated serum lactate levels (Fig. 4A). It appears that 
fibrosis in the kidney is associated with an increase in glycolysis [5]. However, we did not observe changes in glycolysis specific 
enzymatic activity in the UIR group (Fig. 6). We speculate that the effects on glycolysis may be due to the blockage of pyruvate de-
hydrogenase, which prevents the entry of acetyl-CoA into the Krebs cycle. In kidneys, a decrease in the activity of some Krebs cycle 
enzymes in mitochondria (α-KGDH, SDH, and MDH) by ~2-fold was observed after UIR (Fig. 5). On this basis, we hypothesize that 
pyruvate accumulates in the kidneys because it cannot be metabolized in the Krebs cycle, and is either converted to lactate (which we 
can see in serum) or undergoes a chain of chemical reactions for the de novo synthesis of glycine from serine [35]. TGFβ1-induced 
expression of the enzymes of de novo serine and glycine synthesis has been demonstrated in fibroblasts in vitro [36,37]. Proline and 
glycine are produced directly from glutamate and account for 57 % of the amino acid content of collagen [38]. On the other hand, 
TGFβ1 enhances glutamine metabolism [39]. Glutaminolysis promotes translation and stability of collagen and hydroxylation of 
proline [40]. The increased mRNA expression of TGFβ1 in the UIR and UIR groups with dietary post-treatment (Fig. 3C) may indicate 

Fig. 7. The influence of CR and KD on fibrosis development after left kidney ischemia/reperfusion. Elevated fibrosis markers are shown as red 
arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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activation of fibrogenic metabolic pathways in the kidneys. 
Lactate is known to regulate fibrosis via lowering extracellular pH, as acidic pH induces the transition of so-called latent extra-

cellular TGFβ1 to the active form [41]. Moreover, lactate may serve as an additional energy source for fibroblasts [41,42]. In our study, 
we demonstrated a significant decrease in serum lactate levels in mice after UIR + CR (Fig. 4A). The fibrogenic process seems to be 
lower in this group of mice compared with UIR only or UIR with KD. 

We also found that CR abolished the effect of UIR, stimulated succinate dehydrogenase, and decreased malate dehydrogenase 
activity but did not affect glycolysis. We showed similar results for KD, which also attenuated the effects of UIR, normalized 
α-ketoglutarate dehydrogenase activity, and led to a decrease in phosphofructokinase activity (Figs. 5 and 6, Table 1). 

As we see, energy metabolism is suppressed in the UIR group and we hypothesize that renal function may be reduced after UIR, 
whereas the contralateral kidney compensates. For this reason, we do not see an increase in blood urea and creatinine levels in mice 
with UIR (Fig. 4D). Indeed, we observed not only a decrease in the size of the UIR kidney (Fig. 1D) but also an increase in the 
contralateral kidney size (Fig. 1E), which looks like compensatory hypertrophy. To confirm the decreasing renal function 1 month after 
ischemia/reperfusion injury, we measured blood urea and creatinine levels in animals subjected to UIR with contralateral nephrec-
tomy (see Fig. S4). 

The main focus of metabolic changes during kidney fibrosis is glycolysis. Inhibitors of glycolysis (dichloroacetate, shikonin, and 2- 
deoxyglucose) have been shown to suppress an increase in the synthesis of ECM proteins [34,43] and attenuate renal fibrosis in an UUO 
mouse model [7,44]. On the contrary, in a diabetic kidney model, an increase in glycolysis resulted in decreased expression of fibrotic 
proteins [45]. Furthermore, using transgenic mice with a mutation in the 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase, it was 
shown that reduced glycolysis was associated with increased renal fibrosis in the UUO mouse model and, to a lesser extent, in the folic 
acid nephropathy model [46]. Thus, the role of energy metabolism in renal fibrosis is complex, and the effect may depend on cell types 
and stage of fibrosis development [47]. In our study, we did not observe any effects on renal fibrosis by CR and KD associated with 
changes in energy metabolism. 

We should note that in our experiment we did not observe elevated urea and creatinine blood levels in the UIR group and UIR with 
diets. We assume this could be due to the omission of contralateral nephrectomy in our experiment. Contralateral kidney seems to 
provide functional compensation for waste metabolites excretion. In this the situation, injured kidney could faster normalized its 
metabolism (glycolysis, Kreb’s cycle, redox status). It should be noted that kidney fibrosis is a dynamic process and that longer-term 
therapeutic manipulation including diets can have a greater effect on fibrosis resolution. It has already been described previously that 
the most pronounced effects of diets were observed with prolonged exposure, especially with long-term caloric restriction. With this in 
mind, we cannot rule out beneficial effects of the diets studied when animals were treated for longer than 1 month. However, further 
studies are needed to test these assumptions. 

Ultimately, kidney ischemia/reperfusion leads to the development of renal fibrosis associated with metabolic suppression of the 
tricarboxylic acid cycle but not glycolysis. CR and KD administered for 1 month after kidney ischemia/reperfusion affected metabolism 
but had no significant effect on reducing renal fibrosis. Further studies are needed to explore the molecular mechanisms of the induced 
metabolic abnormalities during the progression of renal fibrosis and to develop successful targeted therapies. 

Fig. 8. The effect of CR and KD on serum parameters in mice 1 month after UIR. Red arrows show changes (increase/decrease). (For interpretation 
of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Summarized metabolic changes during fibrosis development after UIR and dietary intervention.  

Intervention Krebs cycle enzymes Glycolysis 

UIR ↓ α-KGDH 
↓ SDH 
↓ MDH 

No changes 

UIR + CR ↓ α-KGDH No changes 
UIR + KD No changes ↓ PPK 

Arrows demonstrate the decrease of enzyme activity. 
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3.1. Limitations of the study 

In our study, we for the first time investigated how dietary approaches such as CR and KD can affect fibrosis development after 
ischemia/reperfusion in mice. Although we observed some changes in renal tissue energy metabolism in the mice after the diets, 
human metabolism may differ. Therefore, it may be difficult to extrapolate our data to human renal pathologies. But we can investigate 
such pathologies with specific treatment only in animal ischemia/reperfusion models. Although we observed that the CR and KD post- 
treatment did not reduce fibrosis development, we do not exclude that the pre-treatment may have a beneficial effect on AKI. In our 
experiments, we used the ischemia/reperfusion model without contralateral nephrectomy and observed many metabolic parameters 
unchanged. It is probable that a model with the nephrectomy might induce greater changes. 

4. Star methods 

4.1. Animals 

Healthy male BALB/c mice 12 weeks of age (30–39 g) were housed under controlled conditions with a 12-h light/dark cycle at 22 
± 2 ◦C and used for commonly performed ischemia/reperfusion injury model of renal pathology [48,49]. Mice were used according to 
animal protocols evaluated and approved by the animal ethics committee of the A.N. Belozersky Institute of Physico-Chemical Biology: 
Protocol 2/20 from February 12, 2020. All procedures were in accordance with Federation of Laboratory Animal Science Associations 
(FELASA) guidelines. 

4.2. Experimental design 

AKI was induced by UIR without contralateral nephrectomy as previously described [50]. Briefly, mice were anesthetized with 
isoflurane. Animals were placed supine on a heating pad and the left renal vascular bundle was occluded with a microvascular clip for 
30 min. After ischemia, circulation was restored by removing the clip. During the surgical procedure, the body temperature of the rats 
was maintained at 37 ± 0.5 ◦C by heating pad. Mice were divided into groups: Intact control (Int) with normal rodent chow diet ad 
libitum; UIR with normal diet ad libitum before and after surgery; UIR followed by dietary restriction by 35 % [13] (UIR + CR); UIR 
followed by diet with ketogenic diet [16] (C1084, Altromin) (UIR + KD). Urine samples were collected before surgery and 24 h after. 

Fig. 9. Experimental design. (A) The timing schedule. (B) Analyzed parameters in blood. (C) Analyzed parameters in ischemic kidney.  
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Mice were sacrificed after 4 weeks. The entire experimental design is shown in Fig. 9A. Kidneys were photographed and kidney weight 
was measured. For 5 animals per group, the ischemic kidneys were removed, decapsulated, divided, and half was placed in 10 % 
buffered formalin while another half was homogenized in RIPA buffer for further Western blotting. The total protein content in the 
samples was measured using a commercial bicinchoninic acid-based kit (Sigma, Burlington, USA). In 6 animals per group, the blood 
and left kidney were collected for hydroxyproline measurement and mitochondria/cytosol isolation with further biochemical analysis 
(Fig. 9B and C). For 4 animals per group kidney tissue was collected for RT-PCR analysis (Fig. 9C). The kidney index was estimated as 
the ratio of kidney weight to body weight expressed as a percentage. The kidney index was estimated using the following formula: 

Kidney index=
Kidney weight
Body weight

∗ 100  

4.3. Dietary protocols 

Food intake of each mouse was measured for one week before surgical procedures. CR was performed for 4 weeks after the surgery 
by limiting the amount of food by 35 % of the daily intake. Food was administered once daily at 12:00 noon. In the KD group, mice 
were fed ketogenic chow (Altromin C 1084, Germany) ad libitum after surgery. Free access to water was provided for all groups. 
Weekly, each mouse was weighed to monitor the changes in body mass. 

4.4. Western blotting 

Western blotting was performed by the conventional method under denaturing conditions. Samples were loaded into the gel (10 μg 
total protein per well for kidney and 15 μL for urine) and transferred to a PVDF membrane (Amersham Pharmacia Biotech, Buck-
inghamshire, UK) after electrophoretic separation. Membranes were blocked in 5 % milk in PBS containing 0.05 % Tween-20 for 45 
min at room temperature and incubated with primary antibodies, followed by three washes. Primary antibodies were diluted in 0.1 % 
BSA solution in PBS + Tween-20 and used at the following dilutions: anti-NGAL rabbit 1:1000 (Abcam, Cambridge, UK), anti-α-SMA 
rabbit 1:1000 (Abcam, UK), anti-β-actin mouse 1:2000 (Sigma, USA). Membranes were incubated overnight with the primary anti-
bodies at 4 ◦C, washed, and incubated with secondary goat anti-rabbit or anti-mouse IgG antibodies conjugated to horseradish 
peroxidase (IMTEK, Russia; dilution 1:10000) for 60 min at 37 ◦C. After washing, membranes were incubated for 5 min with the 
Advansta ECL Bright chemiluminescence kit (Advansta, San Jose, CA, USA) and scanned with the ChemiDoc MP Imaging System 
(BioRad, Hercules, CA, USA). Band luminescence intensity was quantified using ImageLab software (BioRad, Hercules, CA, USA). 

4.5. Histological analysis 

Fixed tissues were cut into 4 μm sections and stained using the Masson trichrome protocol. Stained kidney sections were viewed 
using an Axio Scope A1 microscope (Carl Zeiss, Germany) with MRc.5 camera (Carl Zeiss, Germany). On each slide, three images of 
cortex and medulla were randomly selected for analysis. Sections were examined in a blinded fashion for fibrosis. 

4.6. Hydroxyproline measurement 

The method is based on the alkaline hydrolysis of tissue and subsequent quantification of free hydroxyproline (Hyp) in the hy-
drolyzates [51]. Kidney tissues (20 mg) were placed in 0.5 ml of 7 M KOH and hydrolyzed at 120 ◦C for 40 min. The hydrolyzate was 
neutralized with 3.5 M sulfuric acid and mixed with a buffered chloramine-T reagent. After 20 min at room temperature Ehrlich’s 
reagent (Sigma-Aldrich, USA) was added for 20 min at 65◦С. The optical density was measured at 550 nm on a PE-5400UV spec-
trophotometer (“Ekrokhim”, LLC, St. Petersburg, Russia). The level of Hyp in renal tissue was estimated using a calibration curve. 

4.7. RT-PCR 

Kidney tissue samples were placed in Intact RNA solution (Evrogen, Russia) for preserving RNA integrity and stored at − 80 ◦C. RNA 
Solo kit (Evrogen, Russia) was used for nucleic acid isolation and treatment with duplex-specific nuclease. Following RNA extraction, 
the concentration and purity were determined by a Nanodrop spectrophotometer ND-1000 (Thermo Fisher Scientific, USA). Reverse 

Table 2 
Primer sequences used for estimation of gene expression.  

Gene name The sequence of forward primer 5′- to 3′ The sequence of reverse primer 5′- to 3′ 

ACTB GTACCACCATGTACCCAGGC AACGCAGCTCAGTAACAGTCC 
TBP ACCGTGAATCTTGGCTGTAAAC GCAGCAAATCGCTTGGGATTA 
TGF1β TGATACGCCTGAGTGGCTGTCT CACAAGAGCAGTGAGCGCTGAA 
MMP2 CAAGTTCCCCGGCGATGTC TTCTGGTCAAGGTCACCTGTC 
TIMP2 TCAGAGCCAAAGCAGTGAGC GCCGTGTAGATAAACTCGATGTC 
Col4a1 ATGGCTTGCCTGGAGAGATAGG TGGTTGCCCTTTGAGTCCTGGA 
Col1a1 CGATGGATTCCCGTTCGAGT CGATCTCGTTGGATCCCTGG  
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transcription was performed using the MMLV RT kit (Evrogen, Russia). The RT-PCR was performed on Bio-Rad Real-Time PCR System 
(Bio-Rad, California, Hercules, CA, USA) by using SYBR Green as a double-strand DNA-specific binding dye. Amplification was carried 
out using 5X qPCRmix-HS mastermix (Evrogen, Russia). Amplification modes: 95○C 5 min; 95○C 10 s; 58○C 17 s; 72○C 20 s; 40 rep-
etitions of steps 95○C 10 s, 58○C 17 s, 72○C 20 s; melting curve from 72 to 95○C, increment 0.5○C 5 s. The selection of primers (Table 2) 
was performed using the Beacon Designer 7 program (Premier Biosoft Int., USA), as well as using the NCBI and BLAT search databases. 
The primers were synthesized by DNA-synthesis (Moscow, Russia). Their efficiencies were calculated by generating a standard curve 
for each target gene using a five-fold serial dilution of the cDNA pool and were in the range of 1.8–2.0. mRNA expression levels were 
calculated as E − Ct, where E is the primer efficiency and Ct are the cycle number on which product fluorescence rose above the 
threshold level. These values were normalized to the geometric mean of the threshold cycles of two housekeeping genes (β-actin 
(ACTB) and TATA-box-binding protein (TBP)), to level individual differences between animals [52]. 

4.8. Biochemical analysis of the blood 

Blood plasma was obtained by centrifugation of heparinized blood at 3000 rpm for 10 min and stored at − 80 ◦C. The total protein 
content was determined by the BCА method using a commercial kit (Sigma, USA). Serum albumin, creatinine, urea, total plasma lipids, 
triglycerides and total cholesterol were measured. The content of lipid peroxidation products (TBA-reactive substances, TBARS) in 
plasma was determined by the reaction with 2-thiobarbituric acid (TBA) [53]. The measurements were carried out on a FluoroMax-3 
spectrofluorometer ("HORIBA Jobin Yvon", UK) at an extinction wavelength of 515 nm and an emission wavelength of 553 nm. The 
concentration of ketone bodies in plasma was determined using a portable ketometer (CareSens Dual, i-SENS Inc, South Korea). 

For determination of glucose, pyruvate, and lactate blood was mixed with 6 % perchloric acid in a ratio of 1:1 (v/v), placed on ice 
for 15 min, and centrifuged at 12,000 rpm for 10 min at 4 ◦C. The supernatant was adjusted to pH 7 with saturated potassium carbonate 
solution, placed on ice for 15 min, and centrifuged at 12,000 rpm for 3 min at 4 ◦C. Glucose and lactate concentrations were deter-
mined by enzymatic methods based on the Trinder reaction using commercial kits (Olveks Diagnosticum, Russia). The pyruvate 
concentration was determined by the enzymatic method with lactate dehydrogenase [54]. The measurements were carried out on a 
PE-5400UV spectrophotometer (“Ekroskhim”) at a wavelength of 340 nm. 

4.9. Isolation of kidney mitochondria 

Left kidneys were removed, weighed, and homogenized in a cold isolation medium containing 250 mM sucrose, 10 mM Tris HCl 
and 1 mM EDTA, with a pH of 7.4 at a ratio of 1:10 (w/v). Mitochondria were isolated using differential centrifugation [55]. Mito-
chondrial pellets were washed twice with the isolation medium and resuspended in a hypotonic buffer (10 mM Tris HCl, 0.5 mM EDTA) 
to final protein concentration of 5–10 mg/mL. Concentrations of total protein were determined using the Peterson method [56]. 
Supernatant after mitochondria sedimentation was used for cytosol investigation. 

4.10. Determination of Krebs cycle enzymes activity 

To determine the activity of Krebs cycle enzymes, mitochondria were subjected to three freeze–thaw cycles. The activity of citrate 
synthase (CS, EC 2.3.3.16) was determined by a kinetic method based on the non-enzymatic reaction of coenzyme A (CoA-SH) with 
Ellman’s reagent [57]. The activity of NADP-dependent isocitrate dehydrogenase (ICDH, EC 1.1.1.42) was determined by a kinetic 
method based on the absorption of NADPH [58]. The activity of α-ketoglutarate dehydrogenase (α-KGDH, EC 1.2.4.2) and succinate 
dehydrogenase (SDH, EC 1.3.5.1) was assessed spectrophotometrically using potassium ferricyanide as an electron acceptor [59,60]. 

The activity of malate dehydrogenase (MDH, EC 1.1.1.37) was determined by the kinetic method by reducing the absorption of 
NADH [61]. 

The absorbance was measured by Zenith 1100 plate reader in the “Kinetics” mode at a temperature of 37 ◦C in a 96-well plate. As 1 
unit (U) of activity of IСDH and MDH, 1 nmol of NAD(P)H formed (or consumed) in 1 min at temperature 37 ◦C was taken. As 1 unit (U) 
of α-КGDH and SDH activity 1 nmol of potassium ferricyanide reduced in 1 min at a temperature of 37 ◦C was taken. 

4.11. Determination of the glycolysis rate and the activity of glycolytic enzymes 

The rate of glycolysis was estimated by the Allen method [61] with modifications. The method is based on the change in glucose 
concentration during incubation of the tissue extract of the kidneys (cytosolic fraction) in the presence (control tubes) and in the 
absence (test tubes) of the hexokinase inhibitor - 2-deoxy-D-glucose [62]. Concentration of glucose was determined by commercial 
reagent kit (Olveks Diagnosticum, Russia). Glycolysis rate was expressed in nmol of D-glucose utilized in 1 min by 1 mg of cytosol 
protein (nmol/min х mg of protein). 

The activities of hexokinase (HK, EC 2.7.1.1) [63], phosphofructokinase (PFK, EC 2.7.1.11) [64], pyruvate kinase (PK, EC 2.7.1.40) 
[65] and lactate dehydrogenase (LDH, EC 1.1.1.27) [66] were determined by kinetic methods based on the absorption of NAD(P)H at 
340 nm. The absorbance was measured in the "Kinetics" mode at a temperature of 37 ◦C in a 96-well plate on a Zenit 1100 multi-
detector. As 1 unit (U) of enzyme activity, 1 nmol of NAD(P)H formed (or consumed) in 1 min at a temperature of 37 ◦C was taken. 

Aldolase activity was determined by a colorimetric method based on the reaction of 2,4-dinitrophenylhydrazine with phospho-
trioses in an alkaline medium [67]. As 1 unit of aldolase activity (U), 1 nmol of phosphotriose, formed from fructose-1,6-bisphosphate 
in 1 min at a temperature of 37 ◦C was taken. 
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4.12. Statistical analysis 

Statistical analysis was performed with the GraphPad Prism 7 (GraphPad Software Inc., USA). The data was analyzed by parametric 
one-way ANOVA with Sidak’s multiple comparison test or nonparametric Kruskall-Wallis test followed by Dunn’s multiple comparison 
test based on their distribution normality (Shapiro-Wilk normality test). The results are presented as mean ± SEM with a *p < 0.05, 
**p < 0,005, ***p < 0,0005, ****p = 0,0001 considered as statistically significant. T-test and Mann–Whitney U test were used for 
pairwise comparison of body weight between UIR and UIR + CR group. 
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Castillo, R. Hernández-Pando, D. Barrera-Oviedo, L.G. Sánchez-Lozada, J. Pedraza-Chaverri, E. Tapia, Fasting reduces oxidative stress, mitochondrial 
dysfunction and fibrosis induced by renal ischemia-reperfusion injury, Free Radic. Biol. Med. 135 (2019) 60–67. 
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