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Renal inflammation combined with renal
function reserve reduction accelerate kidney
aging via pentose phosphate pathway

BingHan,1,4 YiXuan Zhang,1,4 Chao Liu,2 Pengcheng Ji,1 Zenghui Xing,1 XiaodongGeng,1 Kun Chi,1MingGong,1

Yingying Li,3 Ying Zhang,3 Zhangning Fu,1 Quan Hong,1 Guangyan Cai,1 Xiangmei Chen,1 and Xuefeng Sun1,5,*
SUMMARY

Aging is closely associated with inflammation, which affects renal function reserve (RFR) in the
kidneys. This study aims to investigate the impact of reduced RFR reduction on kidney aging and
the influence of renal inflammation and RFR reduction on this process. Natural aging rats and those
subjected to unilateral nephrectomy (UNX), 1/6 nephrectomy (1/6NX), and unilateral ureteral
obstruction (UUO) were observed at 6, 12, 18, and 21 months. Our findings suggest that RFR
reduction and renal inflammation can accelerate kidney aging, and inflammation contributes
more. Metabolomics analysis revealed alterations in amino acid metabolism contribute to RFR
decline. Furthermore, experiments in vitro confirmed the involvement of pentose phosphate pathway
(PPP) in promoting aging though inflammation. Our research provides novel insights into for the
mechanism of kidney aging and provides indirect support for clinical treatment decisions, such as ad-
dressing kidney inflammation, stones, or tumors that may necessitate partial or complete nephrec-
tomy.
INTRODUCTION

Renal function reserve (RFR) is defined as the difference between the glomerular filtration rate (GFR) in the resting state and the

maximum volume.1 It is used to measure the kidney GFR in response to nephron compensation, increased renal blood flow, and ultra-

filtration.2 The aging kidney is characterized by glomerular and tubular hypertrophy, glomerulosclerosis, and tubulointerstitial fibrosis,

which decrease renal blood flow and GFR, and reduces RFR.3 Moreover, the number of functional glomeruli decreases with age due

to the prevalence of arteriosclerosis, glomerulosclerosis, tubular atrophy with interstitial fibrosis, and compensatory hypertrophy of

the remaining nephrons.4 A clinicopathological study showed that an increase in glomerular volume can cause podocytes to fall off,

which may lead to focal glomerulosclerosis and aggravate kidney aging.5 However, there is no direct evidence that RFR reduction pro-

motes renal aging.

Inflammation is a highly significant risk factor for driving the aging process and leads to fibrosis of tissues and organs.6 Although 24% of

older adults have decreased renal function, very few develop end-stage renal disease (ESRD), and inflammation can accelerate kidney aging

and lead to renal dysfunction.7

What is the contribution of renal inflammation and RFR reduction to kidney aging? Can renal inflammation promote the process of RFR

reduction affects kidney aging? At present, there is a lack of corresponding evidence. In this study, naturally aging rats were used as con-

trols, unilateral nephrectomy (UNX), and 1/6 nephrectomy (1/6NX) were used to simulate different levels of RFR reduction in rats, and uni-

lateral ureteral obstruction (UUO) was used to simulate the coexistence of renal inflammation and RFR reduction in rats. Take samples for

testing at the 3, 9, 15, and 18 months after surgery, respectively, to explore the influence of RFR reduction and renal inflammation on kidney

aging in the process of natural aging. Our research provides new ideas for understanding the mechanism of kidney aging and provides

circumstantial evidence for clinical treatment decisions regarding kidney inflammation, stones or tumors that require partial or single

nephrectomy.
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Figure 1. The cumulative death and cumulative mortality of rats in each group (n = 28)

(A) The cumulative death of rats in each group. Y axis represents the total number of deaths.

(B) The total mortality of rats in each group. The mortality of UUO group and 1/6NX group was significantly higher than that of UNX group (P＜0.05).
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RESULTS

Mortality of rats in each group

As shown in Figure 1, compared with-type wild rats, there was no significant difference in the total mortality rate of rats in the UNX group (21%

and 10%). The total mortality of rats in the 1/6NX group increased themost significantly (39%), followed by that in the UUO group (36%). Total

mortality in the UUO and 1/6NX groups was significantly higher than that in the UNX group.

Kidney weight, renal size, and cortical thickness

Compared with that in wild-type rats, the kidney weight (KW)/body weight (BW) in the UUO group increased most obviously, followed by

that in the UNX group. The KW/BW in 1/6NX the group did not change significantly (Figures 2D and 2E). Compared with those in wild-type

rats, renal volume, and cortical thickness in the UUO group increased significantly at 12 months and lasted until 21 months. In the UNX

group, renal volume began to increase significantly at 18 months, and cortical thickness increased significantly at 21 months. There was

no significant difference in renal volume or cortical thickness between the 1/6NX rats and control groups (Figures 2B, 2C, 2F, and 2G).

In short, the UUO group exhibited the most obvious compensatory effects on kidney mass and volume, followed by the UNX and 1/6

NX groups.

Renal function of rats in each group

As shown in Figures 3A and 3B, compared with those of wild-type rats, creatinine levels in the UUO group increased significantly at 6 months,

and this change lasted until 21 months. The creatinine level of rats in the UNX group increased significantly at 6 months, decreased at

12 months, increased again at 18 months, and contributed to increase until 21 months. Renal function in the 1/6NX group was compensated,

and the level of creatinine did not increase significantly. Compared with those of wild-type rats, blood urea nitrogen (BUN) levels in the UUO

group increased significantly at 12 months, decreased at 18 months and increased again at 21 months. BUN levels of rats in the UNX group

increased significantly at 12 months, and then decreased (Figures 3C and 3D). In conclusion, levels of creatinine and BUN in the UUO group

most obviously increased with age, followed by those in the UNX group, and the 1/6NX group did not exhibit obvious renal dysfunction.

Renal fibrosis in each group

As shown in Figures 4A, 4B, 4D, and 4E, compared with those in wild-type rats, there was no significant change in the area of the area of

renal fibrosis showed by Sirius red staining at 6 months. However, there was a significant increase in renal interstitial matrix indicated by

PAS staining in the UUO and 1/6NX groups. At 12 months, renal fibrosis showed by PAS staining and Sirius red staining showed a signif-

icant increase in renal fibrosis in the UUO group. PAS staining in the UNX and 1/6NX groups revealed a notable increase in the area of

renal fibrosis, although it was significantly lower than that in the UUO group. At 18 months, the rats in the UUO, UNX, and 1/6NX

groups exhibited significant increase in renal fibrosis shown by in PAS staining and Sirius red staining. The UUO group was significantly

higher than that in the UNX and 1/6NX groups. At 21 months, the area of renal interstitial matrix showed by PAS staining and the area

of renal fibrosis showed by Sirius red staining increased significantly in the UUO and UNX groups. The UUO group had significantly higher

levels compared to the UNX groups. Figures 4C and 4F displayed the changes in renal fibrosis with aging in each group using PAS and

Sirius red staining. The UUO group showed the most pronounced progression of renal fibrosis during aging process, followed by the

1/6NX and UNX groups.

Renal inflammation and ROS of rats in each group

The inflammatory makers IL-6, TNF-a, and p-p65 were used to evaluate inflammation in the kidney of rats in each group. As shown in

Figures 5A and 5B, compared with those of wild-type rats, inflammatory marker levels in the UUO, 1/6NX, and UNX groups increased
2 iScience 27, 110045, June 21, 2024



Figure 2. Kidney weight, renal size, and cortical thickness (n = 3–8)

(A) Renal ultrasound images of rats at the age of 12, 18, and 21 months in each group.

(B) Right renal volume at the age of 12, 18, and 21 months in each group.

(C) The trends of right renal volume at the age of 12, 18, and 21 months in each group.

(D) Renal weight/body weight at the age of 12, 18, and 21 months in each group.

(E) The trends of right renal weight/body weight of rats in each group with aging.

(F) Right cortical thickness at the age of 12, 18, and 21 months in each group.

(G)The trends of right cortical thickness of rats in each group with aging. Values are presented as means G SD. : p＜0.05, :: p < 0.01, :::<0.001,

::::p＜0.0001 versus the control group, *p < 0.05, **p < 0.01, ***p < 0.001 versus 1/6NX group, ##p＜0.01 versus the UNX group.
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significantly at 6–21 months. Rats in UUO group increased the most, followed by the 1/6NX group. In addition, a significant increase in

reactive oxygen species (ROS) levels was observed in the UUO group compared to wilt-type rats at 6 months. Between 12 and 18 months,

there was a significant increase in ROS levels in the 1/6NX and UUO groups, with the 1/6NX group displaying lower levels than the UUO

group. The most pronounced increase was observed in the UUO group at 21 months, followed by the UNX group (Figures 5C and 5D). In

conclusion, in the process of natural aging, the most severe inflammation and ROS in the kidneys was observed in the UUO group, fol-

lowed by the 1/6NX and UNX groups.
iScience 27, 110045, June 21, 2024 3



Figure 3. Renal function of rats in each group (n = 3–9)

Serum creatinine (A) and BUN (C) of rats at the age of 12,18 and 21 months in each group. The trends of Serum creatinine (B) and BUN (D) levels of rats in each

group with aging. Values are presented as means G SD. : p＜0.05, :: p < 0.01, :::<0.001, ::::p＜0.0001 versus the control group, *p < 0.05,

**p < 0.01 versus 1/6NX group, ##p＜0.01 versus the UNX group.
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Renal aging of rats in each group

As depicted in Figures 6A and 6B, there were no significant differences in the expression of P16, P21, P53, and gH2AX among the rats in the

different groups at 6 months. At 12 months, the UUO group showed a significant increase in gH2AX expression, followed by the 1/6NX group,

with no change in the UNX group. And between 18 and 21months, the UUOgroup exhibited significant increase in the express of P16, P21, P53,

and gH2AX, followed by the 1/6NX and UNX groups. Besides, Figures 6C and 6D showed that there were no significant changes in the SA-b-gal

content in rat tissues between 6 and 12 months across all groups. However, the UUO group exhibited a significant increase at 18–21 months. In

the process of natural aging, rats in theUUOgroupdisplayedobviouspremature aging, followedby the 1/6NXgroup, andfinally theUNXgroup.

Untargeted UPLC-MS/MS analysis

The quality of five duplicate samples in each group was analyzed, and the principal-component analysis (PCA) and Pearson’s correlation co-

efficient analysis showed that the quality of the samples was suitable for subsequent analysis (Figures 7A–7C).

Partial least squares discriminant analysis (PLS-DA) was performed on the metabonomic data (Figures 8A–8C). By combining the PLS-DA re-

sults for the top 30 metabolites, raw P＜0.05, and the measurable mean ratio, we obtained the differentially abundant metabolites of kidney

tissue in the UNX, 1/6NX, andUUOgroups, as shown in Tables S3–S5. The changes in renalmetabolism in the UNXgroupmainly involved amino

acidmetabolism, whichwas characterizedby the accumulation of a variety of amino acidmetabolites. There are alsometabolic changes in lipids,

nucleotides, cofactors, vitamins, xenobiotics, and peptides. In the 1/6NX group, there were obvious changes in glucose metabolism in the kid-

ney, such as an increase in the glycolytic pathway and activation of the pentose phosphate pathway (PPP) and other glucose metabolism path-

ways; these changes involved decrease in glucose, galactose-1-phosphate, D-galactose-6-phosphate, 3-phosphoglycerate, phosphoenolpyr-

uvate (PEP), 6-phosphogluconate, glucuronate 1-phosphate, and N-acetylglucosamine 6-phosphate. In the UUO group, there were also

changes in glucose metabolism, including enhanced glycolysis and PPP activation: the level of 3-phosphoglycerate, 6-posophogluconate, se-

doheptulose-7-phosphate and glucuronate-1-phosphate were increased, while the level of glycerate was decreased. Other metabolic changes

include changes in amino acids，lipids, nucleotides, cofactors, vitamins, xenobiotics, and peptides. Through metabonomic analysis, we found

that the changes in kidneymetabolism in theUNXgroupweremainly associatedwith amino acids,whichmay bedue to the loss of RFR.However,

there were similar changes in glucose metabolism in the kidney in the 1/6NX and UUO groups; these changes involved an increase in the prod-

ucts of the PPP, indicating activation of the PPP. It has been found that inflammation upregulate the PPP and activate NADPH oxidase 2 (NOX2)

to promote the oxidative stress response, further aggravating inflammatory.8–10 Moreover, the accumulation of damage caused by ROS, such as

superoxide anions, hydroxyl radicals, and hydrogen peroxide (H2O2), is an important factor promoting aging.11 Therefore, we speculated that in

the kidneys of 1/6NXandUUO rats, which exhibited the strongest inflammatory reaction, overactivation of PPP increasedoxidation reactions and

accelerate kidney aging. In vitro experiments were also performed to verify our hypothesis.

Inflammation activates of the PPP in HK-2 cells

To investigate the activation of the PPP induced by inflammation, we examined the expression and activity of G6PD, and the main product-

NADPH in HK-2 cells that were cultured in medium containing the inflammatory factors TNF-a or IL-6. The results showed that the expression
4 iScience 27, 110045, June 21, 2024



Figure 4. Renal fibrosis in each group (n = 3–8)

(A) Periodic acid-Schiff (PAS) staining images of renal tissue at the age of 12,18 and 21 months in each group.

(B) Graph represents the area score of renal interstitial matrix after PAS staining. Scale bars: 100mm.

(C) The trends of renal fibrosis showed by PAS staining with aging.

(D) Sirius red staining images of renal tissue at the age of 12, 18, and 21 months in each group.

(E) Graph represents area score of renal fibrosis after Sirius red staining.

(F) The trends of renal fibrosis showed by Sirius red staining with aging. Data shown as mean G SD. : p＜0.05, :: p < 0.01, ::: p < 0.001, ::::p＜
0.0001 versus the control group, ****p < 0.0001 versus 1/6NX group, ##p＜0.01, ####p＜0.0001 versus the UNX group and Sirius red staining of rats in each

group.
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and activity of G6PD, and NADPH levels were increased by inflammation, indicating activation of the PPP. However, after siG6PD transfection

(transfection efficiency is shown in Figure 9A), the overactivation of the PPP was attenuated (Figures 9B–9E).
Knockdown of G6PD attenuates oxidative stress, aging, and fibrosis in HK-2 cells induced by inflammatory factors

As shown in Figures 10A and 10B, the percentage of SA-b-gal-positive cells significantly increased after 48 h cultured in medium containing

inflammatory factor TNF-a or IL-6. Moreover, the expression of aging-related proteins P16, P21, P53, gH2AX, and the expression of COL-I and

COL-III were increased notably after 48 h culture (Figures 10C–10I) in medium containing the inflammatory factors TNF-a or IL-6. However,

these effects weremitigated by knockdown ofG6PD (Figures 10A–10I). Emerging evidence has indicated that overactivation of the PPP, which

is a major source of oxidative stress under inflammatory conditions, plays a critical role in progressive tissue and organ injury.9,10,12 We hy-

pothesized that elevated activity of the PPP increases NADPH production and leads to high levels of oxidative stress and subsequent kidney

aging. To test this hypothesis, we determinedwhether the beneficial effects of knockdown ofG6PDwere linked to the attenuation of oxidative

stress. Our results showed that the increase in ROS, dihydroethidium (DHE), and decrease in T-SOD induced by TNF-a or IL-6 were signifi-

cantly attenuated by siRNA-mediated G6PD knockdown (Figures 10J–10L).
DISCUSSION

Senescent or healthy aging kidneys are characterized by nephrosclerosis and the loss of glomerular filtration function, which eventually dam-

ages renal function.4 RFR refers to the difference between the GFR at rest and the maximum volume.1 Complete renal filtration function in-

cludes resting renal function and RFR. In the resting state, the bodymaintains resting renal function to maintain biological activity, and part of

the renal filtration capacity is preserved as RFR. In the stressed state, RFR is released tomeet the needs of the body. The resting renal function

of nephrons in complete or isolated kidneys is normal, the complete kidney has a normal RFR, RFR is almost lost in isolated kidneys.13 In this

experiment, 1/6 nephrectomy was used to simulate RFR reduction, and UNX was used to simulate the loss of RFR.

Inflammation plays an important role in organ aging. Most aging individuals suffer from inflammatory aging (inflammaging), which is char-

acterized by elevated levels of blood inflammatory markers, which exacerbate cell dysfunction, tissue, and organ failure and body a decline in

function.14 With aging or injury, the accumulation of senescent cells and the development of a senescence-related secretory phenotype
iScience 27, 110045, June 21, 2024 5



Figure 5. Renal inflammation and ROS in each group (n = 3–8)

(A) Protein bands of inflammatory makers IL-6, TNF-a, and p-p65 of renal at the age of 12, 18, and 21 months in each group.

(B) Quantitative analysis results of IL-6, TNF-a, and p-p65.

(C) Renal ROS contents at the age of 12, 18, and 21 months in each group.

(D) The trends of renal ROS content with aging. Data shown as mean G SD. : p＜0.05, :: p < 0.01, :::p＜0.001, ::::p＜0.0001 versus the control

group, *p < 0.05 versus 1/6NX group, #p＜0.05, ##p＜0.01, ###p＜0.001 versus the UNX group.

ll
OPEN ACCESS

iScience
Article
(SASP) contribute to organ dysfunction.3,15 A long-term UUOmodel leads to the loss of renal function on the affected side, and causes persis-

tent kidney inflammation.16 In this study, the UUOmodel was used to simulate the coexistence of the loss of renal functional reserve and renal

inflammation. Compared with that of young people, the RFR of older adults are significantly decreased.17 However, it is unknown whether a

reduction in RFR can promote kidney aging. Our results showed that compared with that in wild-type rats, UNX, 1/6NX, and UUO rats showed

slight trend of fibrosis changes between 6 and 12 months. However, after 18 months, the degree of renal fibrosis in the three models signif-

icantly increased after 18 months, and the expression of the aging markers p16, p53, p21, gH2AX, and SA-b-gal content significantly

increased. These results suggested that the RFR reduction and renal inflammation could promote kidney aging. Interestingly, compared

with wild-type rats, 1/6NX rats showed no obvious changes in kidney weight, kidney volume or cortical thickness. However, the renal inflam-

matorymarkers IL-6, TNF-a, p-p65, and renal ROSwere significantly increased, andmarkers of kidney aging and inflammation and the degree

of renal interstitial fibrosis were significantly increased compared to those of UNX rats. These results suggested that the role of kidney inflam-

mation in promoting renal aging is stronger than that of RFR reduction. Moreover, the degree of kidney aging in UUO rats with both a

decrease in RFR and renal inflammation was the most obvious. These results suggested that the interaction between renal inflammation

and RFR reduction could significantly promote kidney aging.

The kidney is an important metabolic organ that not only excludes metabolites, but also participates in the metabolism of carbohydrates,

proteins, lipids, and other nutrients.18 To explore the mechanism through which RFR reduction and renal inflammation influence kidney

aging, metabonomic analysis was performed on the unmanipulated kidneys of the three animal models. The results showed that compared

with that in wild-type rats, the amino acid metabolism in the kidneys of UNX rats was increased, and the products of several amino acid

metabolic pathways were increased, suggesting that RFR reduction affected amino acid metabolism. However, we found that the levels of

kynurenate,19 3-indoxyl sulfate20 ethylmalonate,21 and other tryptophanmetabolites, which aggravate renal injury, sarcosine,22 which has anti-

aging properties and is involved in the methionine, glycine, and sarcosine, as well as S-adenosylmethionine (SAM) and its metabolite

5-methylthioadenosine (MTA) which inhibits fibrosis by inhibiting the production of collagen I, reducing lipid peroxidation and reducing

oxidative stress, were increased in the UNX group.22–25 However, which of these amino acid metabolic pathways and their products promote

kidney aging and which are the compensatory reactions of the body need further study.
6 iScience 27, 110045, June 21, 2024



Figure 6. Renal aging in each group (n = 3–9)

(A) Protein bands of aging makers P16, P21, P53, and gH2AX of renal at the age of 12, 18, and 21 months in each group.

(B) Quantitative analysis results of P16, P21, P53, and gH2AX.

(C) Renal SA-b-gal content at the age of 12, 18, and 21 months in each group.

(D) The trends of renal SA-b-gal content with aging. Data shown as meanG SD.: p＜0.05,:: p < 0.01,:::p＜0.001,::::p＜0.0001 versus the control

group, **p < 0.01 versus 1/6NX group, #p＜0.05, ##p＜0.01, ###p＜0.001, ####p＜0.0001 versus the UNX group.
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Notably, metabolomics analysis of the 1/6NX and UUO groups showed an increase in PPP metabolites, including 6-phosphogluconate

and sedoheptulose-7-phosphate compared to those in wild-type rats, suggesting that the PPP in the kidney was significantly increased in

the 1/6NX and UUOmodels with renal inflammation. Multiple studies have shown that the overexpression of G6PD exerts protective effects

on different organs.26,27 However, under certain inflammatory conditions such as in atherosclerosis, heart failure, and obesity, excessive

NADPH due to overactivated G6PD has been shown to promote NADPH oxidase-derived ROS, which may further amplify the inflammatory

response.9,12,28 High glucose-induced activation of the NF-kB signaling pathway promotes the expression of G6PD in adipocytes and acti-

vates the PPP, resulting in an enhanced oxidative stress response and further amplification of the inflammatory response.9 Lipopolysaccharide

(LPS) can induce the overexpression of G6PD in microglia10 and airway epithelial cells8 to activate the PPP pathway, after which NOX2-medi-

ated oxidative stress and NF-kB are activated, resulting in tissue damage. The connection between oxidative stress and aging has been veri-

fied: ROS and redox signals play a critical role in promoting aging29 and oxidative stress in CKD has been proposed to be the central mech-

anism that promotes kidney aging, and can lead to muscle consumption and cardiovascular events.30–32 Moreover, dehydroepiandrosterone

(DHEA), which is a noncompetitive G6PD inhibitor, can attenuate aging-related injuries by reducing oxidative stress and the inflammatory

response induced by the PPP vivo and in vitro.33 Caloric restriction may protect aging nerves and prolong life by reducing PPP activity.34

The cerebral cortex of old mice has increased G6PD activity compared with that of young mice, indicating an age-related increase in

G6PD activity.35 By comparing the metabonomics of aging and young human fibroblasts, it was found that aging human fibroblasts have

increased PPP activity, glycolysis and gluconeogenesis.36 Therefore, we hypothesized that the PPP was activated under inflammatory condi-

tions and promoted aging by increasing oxidative stress. We found that inflammation could increase the activation of the PPP, increase the

expression and activity of G6PD and increase the production of NADPH in HK-2 cells; PPP over-reactivation was attenuated by siG6PD trans-

fection in vitro. Our results also showed that the increase in SA-b-gal, P16, P21, P53, and gH2AX expression levels, and extracellular matrix

factors COL-I and COL-III induced by inflammatory factors were significantly attenuated by knockdown of G6PD, indicating that t inhibiting
iScience 27, 110045, June 21, 2024 7



Figure 7. Untargeted UPLC-MS/MS Analysis-PCA (n = 5)

In the PCA analysis results, the column diagram on the left showed the explanation rate of variance of each principal component, and the distribution of the

overall variance on each component could be observed. The scatter diagram on the right showed the projections of samples on first principal component

(PC1) and second principal component (PC2). Points of different colors and confidence ellipses indicated different experimental groups. The hexagonal star

in the ellipse indicated the central position, and the percentages in parentheses on the horizontal and vertical coordinates indicated the explanation rate of

variance of each principal component.

(A) UNX VS control.

(B) 1/6NX VS control.

(C) UUO VS control.
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the PPP alleviated the aging and fibrosis induced by inflammation. The response was subsequently activated, as indicated by increased ROS,

DHE levels and decreased T-SOD levels after inflammatory stimulation, and oxidative stress was attenuated by inhibiting PPP. Our results

further confirmed that inflammation could lead to increased ROS levels and promote renal aging by activating the PPP.

In conclusion, our results indicate that RFR reduction and renal inflammation could accelerate kidney aging, and that the inflammatory

state of the kidney plays a major role in this process. Changes in amino acid metabolism caused by RFR reduction and the PPP may also

be involved in kidney aging. Our study confirmed that PPP activation leads to increased oxidative stress in HK-2 cells and subsequently ac-

celerates kidney aging. After inhibiting the PPP, the effect of inflammation on cell aging was partially offset. Our study provides the first ev-

idence that RFR reduction promotes kidney aging. It has also been proven that renal inflammation can promote kidney aging caused by RFR

reduction. This study provides new ideas for research on the mechanism of kidney aging, and basic evidence for clinical treatment decisions

requiring partial or single nephrectomy for kidney inflammation, stones, or tumors.
Limitations of the study

The initially set sample size was inadequate due to the scarcity of literature reports on the average survival time of surgically treated rats.

Consequently, with only 2 rats in the 1/6NX group surviving at 21 months, the data did not provide sufficient statistical power to demonstrate

differences. Nonetheless, this observation indirectly underscores the impact of sustained renal inflammation on tissue and organ damage, as

well as its role in promoting aging.
8 iScience 27, 110045, June 21, 2024



Figure 8. Projections of samples on the first principal component (PC1) and second principal component (PC2) after PLS-DA analysis (n = 5), with

different groups identified by different colored ellipses

In the table, R2X and R2Y represent the explanation rate of variance of PLS-DA model for independent variable matrix and dependent variable matrix, and Q2

represents the prediction ability of PLS-DAmodel. The right figure was the VIP value of each variable in the PLS-DAmodel, and the color of the dot indicated the

type of the metabolite variable.

(A) UNX VS control.

(B) 1/6NX VS control.

(C) UUO VS control.
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STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:

d KEY RESOURCES TABLE

d RESOURCE AVAILABILITY
B Lead contact

B Materials availability

B Data and code availability

d EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

B Rat

B Cell lines

d METHOD DETAILS

B Ultrasound and animal sample preparation

B Cell transfection and treatment

B RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR)

B Renal function studies

B SA-b-gal assay

B G6PD activity and NADPH measurement

B Detection of ROS and T-SOD

B Histopathologic examination and scoring
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Figure 9. Inflammation induces the activation of PPP pathway in HK-2 cell (n = 3)

(A) The expression level of G6PD mRNA decreased after being knocked out by siRNA.

(B) Expression of G6PD protein in cells of each group.

(C) Quantitative analysis results of G6PD protein in cells of each group.

(D) Results of G6PD activity in cells of each group.

(E) Results of NADPH content in cells of each group. Data shown as meanG SD. a＜0.0001，*＜0.05，**＜0.01，***＜0.001 versus the Normal-control group, #

＜0.05, ##＜0.01，###＜0.001，####＜0.0001 versus the Normal-siNC group，:::＜0.001，::::＜0.0001 versus the TNF-a-control group，AAA＜
0.001 versus the IL-6-control group.
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Figure 10. After the inhibition of PPP pathway, oxidative stress induced by inflammatory factors, cell aging and fibrosis were alleviated (n = 3)

(A) Images of SA-b-galactosidase-positive cells. Scale bars: 100mm.

(B) Positive cell rate statistical results.

(C) Protein bands of P16, P21, P53, gH2AX，COL-I，COL-III of cells of each group.

(D–I) Quantitative analysis results of P16, P21, P53, gH2AX，COL-I，COL-III.

(J) Results of ROS content in cells of each group.

(K) Results of DHE content in cells of each group.

(L) Results of T-SOD content in cells of each group. Data shown as meanG SD. *＜0.05，**＜0.01，***＜0.001, ****＜0.0001 versus the Normal-control group, #

＜0.05, ##＜0.01，###＜0.001，####＜0.0001 versus theNormal-siNC group，:＜0.05，::＜0.01，:::＜0.0001，versus the TNF-a-control group，A＜
0.05, AA＜0.01，AAA＜0.001 versus the IL-6-control group.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit monoclonal to P16 Abcam ab51243; RRID: AB_2059963

Mouse monoclonal to P21 Santa Cruz Biotechnology Cat# sc-6246; RRID: AB_628073

Mouse monoclonal to P53 Cell Signaling Technology Cat# 2524; RRID: AB_331743

Rabbit polyclonal to gH2AX Cell Signaling Technology Cat# 2577; RRID: AB_2118010

Mouse monoclonal to IL-6 Santa Cruz Biotechnology Cat# sc-57315; RRID: AB_2127596

Rabbit monoclonal to p-nuclear factor kB Cell Signaling Technology Cat# 3033; RRID: AB_331284

Rabbit polyclonal to TNF-a Proteintech Cat# 17590-1-AP; RRID: AB_2271853

Rabbit monoclonal to G6PD Abcam Cat# ab133525; RRID:AB_2904024

Rabbit monoclonal to COL-I Abcam Cat# ab138492; RRID: AB_2861258

Rabbit monoclonal to COL-III Abcam Cat# ab184993; RRID: AB_2895112

Chemicals, peptides, and recombinant proteins

Recombinant Human TNF-a Solarbio P00029

Recombinant Human IL-6 Solarbio P00022

Critical commercial assays

Rat SA-b-gal elisa kit Jianglaibio JL54746

Senescence b-Galactosidase Staining Kit Beyotime Biotechnology C0602

Glucose 6 phosphate dehydrogenase assay kit Solarbio BC0260

NADP/NADPH assay kit Solarbio BC 1105

Reactive Oxygen Species Assay Kit Beyotime Biotechnology S0033S

Tissue reactive oxygen species detection kit BIO-LAB HR8820

Dihydroethidium Beyotime Biotechnology S0063

Total Superoxide Dismutase Assay Kit Beyotime Biotechnology S0101S

Liquid chromatography-tandem mass

spectrometry (LC-MS/MS)

Calibra Scientific, Inc. N/A

Deposited data

metabolomics data N/A https://www.ebi.ac.uk/metabolights/MTBLS10106

Experimental models: Cell lines

HK-2 cell ATCC CRL-2190

Experimental models: Organisms/strains

Wistar rats Experimental Animal Center

of General Hospital of PLA

N/A

Oligonucleotides

siRNA targeting sequence: G6PD see Table S1 Cyagen Biosciences Inc N/A

qRT-PCR primers, see Table S2 Ji Ma Gene Company N/A

Software and algorithms

ImageJ National Institute of health https://imagej.nih.gov/ij/

GraphPad Prism software GraphPad https://www.graphpad.com
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Xuefeng Sun

(xfssun@126.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� Metabolomic raw datasets are stored in the Metabolights repository under the entry: MTBLS10106. https://www.ebi.ac.uk/

metabolights/MTBLS10106.
� This paper did not generate new codes.
� Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Rat

The study was approved and by Animal Ethics Committee of the Chinese PLA General Hospital and Military Medical College, approval num-

ber [2019-X15-76].

Three-month-oldmaleWistar rats (180-220g) were provided by the Experimental Animal Center of General Hospital of PLA, and randomly

divided into four groups (28 rats in each group): control, unilateral nephrectomymodel (UNX), 1/6 nephrectomymodel (1/6NX) and unilateral

ureteral obstructionmodel (UUO). Briefly, rats were anesthetized with 60 mg/kg pentobarbital and kept on a heating pad at a temperature of

approximately 36.5�C. In the UNX group, a small lumbar incision was made, and the left kidney was removed. Then,1/6 NX was performed by

surgical resection of the lower poles (1/3) of the left kidney. In the UUO group, a left laparotomy was performed to expose the left kidney, and

the left ureter was isolated through a median abdominal incision and ligated at 2 points with 3–0 silk. Then, the ureter was cut to prevent

retrograde infection.

Cell lines

Human renal tubular epithelial cells (HK-2) were purchased from American Type Culture Collection (ATCC). HK-2 cells were cultured in

DMEM/F12 (Gibco, USA) medium supplemented with 10% fetal bovine serum, and in a humidified incubator containing 5% CO2 at 37�C.

METHOD DETAILS

Ultrasound and animal sample preparation

The analysis was carried out at the age of 6, 12 and 18months (n = 5 per group). The remaining rats were all sacrificed at the age of 21months.

The rats were housed in a temperature-controlled environment with a 12-12 h light-dark cycle andmaintained with water and food ad libitum.

At each time-point, renal ultrasound was performed after the rats were anesthetized. Blood was subsequently collected from the abdominal

aorta, and the plasma was separated and stored at -80�C used for serum detection. The right kidney tissues were weighed and the ratio of

kidney weight to body weight was calculated. Finally, the tissues were cut into two parts: one part was fixed in paraformaldehyde for path-

ological staining, and the other part was stored in liquid nitrogen for protein detection.

Cell transfection and treatment

Transfection with siRNA

SiRNA trageting G6PD (siG6PD) and a negative control (siNC) were transfected into HK-2 cells using Jettime TM (Polyplus-transfection,

France) transfection reagent. After 24 hours, the cells were collected for subsequent analysis. The sequences of the siRNAs are shown in

Table S1.

Inflammatory factor treatment

Normal and HK-2 cells transfected with siNC or siG6PD for 24 hours were stimulated with TNF-a (30ng/ml) or IL-6 (30ng/ml) for 48 hours for

follow-up observation.

RNA extraction and reverse transcription-polymerase chain reaction (RT-PCR)

Total RNA was extracted from samples in the different groups using TRIzol reagent according to the manufacturer’s protocol (Invitrogen;

Thermo Fisher Scientific, Inc.). cDNA was synthesized from the RNA using the SuperScript First-Strand Synthesis system for RT-PCR (Invitro-

gen; Thermo Fisher Scientific, Inc.). Amplification was performed using FastStart Universal SYBR Green Master Mix (Roche, Germany). The

sequences of the primer used are showed in Table S2. Finally, mRNA expression was quantified by the 2DD CT method and standardized
14 iScience 27, 110045, June 21, 2024
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to b-actin RNA expression. The primers used were designed and synthesized by Ji Ma Gene Company (Jiangsu, China), and the sequences

are shown in Table S2.

Renal function studies

Serum samples were collected and centrifuged at 3000 rpm for 15 minutes and stored at -80�C before analysis. A Hitachi 7150 automatic

biochemical analyzer was used to measure rat serum creatinine and urea nitrogen levels.

SA-b-gal assay

Tissue

The SA-b-gal content in renal tissue was measured using a Rat SA-b-gal elisa kit (Jianglaibio, China). Tissues were washed with PBS, homog-

enized, and the supernatant was collected. Standards, samples, and an HRP-labeled detection antibody were added to the wells. After a

60-minute incubation at 37�C, the plate was washed, substrates A and B were added, and incubated for 15 minutes at 37�C in the dark.

OD values were then measured at 450nm. Normalize the values to total protein levels in cell lysates determined using a bicinchoninic acid

(BCA) protein assay.

Cell

Cellular SA-b-gal activity was assessed using the Senescence assay kit (Beyotime Biotechnology, China) following the provided guidelines.

Cells were fixed for 15 minutes and then stained with the Staining Mixture at 37�C without CO2 overnight. SA-b-gal-positive cells, appearing

blue, were imaged randomly. The percentage of senescent HK-2 cells was determined from five different fields of view. The experiments were

conducted at least three times.

G6PD activity and NADPH measurement

The activity of G6PD and the level of NADPH in cultured cells were measured according to the manufacturer’s instructions using glucose 6

phosphate dehydrogenase assay kit (Solarbio, China) and an NADP/NADPH assay kit (Solarbio, China), respectively.

Detection of ROS and T-SOD

ROS of tissue

Take a 50mg tissue sample, rinse with PBS, and homogenize in 1ml of buffer. Collect the supernatant. Mix 190ml of supernatant with 10ml of

O12 probe in a 96-well plate, mix thoroughly, and incubate at 37�C in the dark for 30 minutes. Measure fluorescence intensity at 488nm exci-

tation and 530nm emission. Normalize the values to total protein levels in cell lysates determined using a bicinchoninic acid (BCA) protein

assay.

ROS of cell

The production of intracellular ROS (iROS) was measured by the fluorescence probe chloromethyl-29, 79-dichlorodihydrofluorescein diace-

tate (CM-H2DCFDA; Beyotime Biotechnology, China). Briefly, cells cultured in 6-well plates were transfected with vehicle, siNC or G6PD for

24 h followed by treatment with TNF-a or IL-6 for 48 h. After the cells were incubated with H2DCFDA (106 cell/ml) for 20 min at 37�C, the
fluorescence intensity wasmresured at an excitation wavelehgth of 488 nm and an emission wavelehgth of 525 nm using Sparkmultifunctional

enzyme label instrument (Tecan, Switzerland).

Dihydroethidium (DHE) of Cell

Cells from a six-well plate were collected and homogenized. They were incubated with 0.5mM Dihydroethidium at 37�C for 30 minutes,

washed, and then fluorescence was measured using an enzyme-labeled instrument with 300nm excitation and 610nm emission.

T-SOD of Cell

Cell total SOD levels in the different groups were determined according to the instructions of the T-SOD assay kit (Beyotime Biotechnology,

China), and the levels of T-SOD were determined by measuring the absorbance at 450 nm.

Histopathologic examination and scoring

Paraformaldehyde-fixed renal tissues were embedded in paraffin. Three-micrometer sections were cut from the tissue blocks and stainedwith

Sirius red to assess fibrosis. Under an optical microscope, 10 rendom fields of view were selected from each section under an optical micro-

scope to determine the extent of fibrosis based on the following scoring system: 0% was counted as 0 point, 0%-25% was counted as 1 point,

25%-50% was counted as 2 points, 50%-75% was counted as 3 points, ＞75% was counted as 4 points.

Periodic Acid-Schiff staining was used for the semiquantitative scoring of tubulointerstitial lesions, focusing on tubular atrophy, interstitial

inflammatory cell infiltration, and interstitial fibrosis. Ten nonoverlapping fields at a 1003 magnification were captured and average scores

were calculated. Scoringwas based on the percentage of lesions in the renal interstinal area: 0%was counted as 0 point, 0%-25%was counted
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as 1 point, 25%-50% was counted as 2 points, 50%-75% was counted as 3 points,＞75% was counted as 4 points. Two masked investigators

assigned histologic scores. Ten randomly chosen, nonoverlapping fields per animal wereassess for accurate evaluation.
Western blot

Renal tissues or collected cells were homogenized in lysis buffer containing protease and phosphatase inhibitors, and the protein concen-

tration was measured using the bicinchoninic acid protein assay (Thermo Fisher Scientific, USA). The samples were then separated on 8%-

10% SDS-polyacrylamide gels (PAGE) and transferred onto nitrocellulose membranes. After being blocked with 13CASEIN, the membranes

were incubated with the following primary antibodies overnight at 4�C: b-actin (20536-AP, Proteintech), P16 (ab51243, Abcam), P21 (sc-6246,

Santa Cruz Biotechnology), P53 (2524, Cell Signaling Technology), gH2AX (2577, Cell Signaling Technology)，IL-6 (sc-57315, Santa Cruz

Biotechnology), p-nuclear factor kB (3033, Cell Signaling Technology) and TNF-a (17590-1-AP, Proteintech), G6PD (ab133525, Abcam),

COL-I (138492, Abcam), and COL-III (184993, Abcam). The blots were probed with HRP-conjugated secondary antibodies (Beyotime) for

2 h at room temperature. Immunoreactive bands were visualized by enhanced chemiluminescence, and the intensities were measured using

ImageJ software (Scion Corporation).
Untargeted UPLC–MS/MS analysis

Untargetedmetabolomic analysis was conducted by Calibra Lab at DIANDiagnostics (Hangzhou, Zhejiang, China) on their CalOmics metab-

olomics platform. Samples were homogenized and extracted using methanol in a ratio of 1:4. The mixtures were shaken for 3 minutes and

precipitated by centrifugation at 40003 g, 10 minutes at 20�C. Four aliquots of 100 mL supernatant were transferred to sample plates and

dried under blowing nitrogen, then re-dissolved in reconstitution solutions for sample injection into UPLC-MS/MS systems. The instruments

for the four UPLC-MS/MSmethods are ACQUITY 2DUPLC (Waters,Milford,MA, USA) plusQExactive (QE) hybridQuadrupole-Orbitrapmass

spectrometer (Thermo Fisher Scientific, San Jose, USA). QE mass spectrometer was operated at a mass resolution of 35000, the scan range

was 70-1000 m/z. In the first UPLC-MS/MS method, QE was operated in positive ESI mode and the UPLC column was C18 reverse-phase

(UPLC BEH C18, 2.1x100 mm, 1.7 um; Waters); the mobile solutions used in the gradient elution were water (A) and methanol

(B) containing 0.05% PFPA and 0.1% FA. In the second UPLC-MS/MSmethod, QE was operated in negative ESI mode, and the UPLC column

was C18 reverse-phase (UPLC BEH C18, 2.1x100 mm, 1.7 um; Waters), the mobile solutions used in the gradient elution were water (A) and

methanol (B) containing 6.5 mM ammonium bicarbonate at pH 8. The third UPLC-MS/MSmethod had the QE operated in ESI positive mode

and the UPLC column was C18 reverse-phase (UPLC BEH C18, 2.1x100 mm, 1.7 um; Waters), the mobile solutions were water (A) and meth-

anol/acetonitrile/water (B) contain 0.05% PFPA and 0.01% FA. In the fourthmethod,QEwas operated in negative ESImode, the UPLC column

was HILIC (UPLC BEH Amide, 2.1x150 mm, 1.7 um; Waters), and the mobile solutions were water (A) and acetonitrile (B) with 10 mM ammo-

nium formate.
QUANTIFICATION AND STATISTICAL ANALYSIS

UPLC–MS/MS

Allmetabonomics statistical analyseswere performedwith R language (R version 3.4.1: http://www.cran.com; Rstudio version 1.4.1717 https://

www.rstudio.com; mixOmics version 6.10.9 http://mixomics.org/. Multivariate analysis approaches including principal component analysis

(PCA), partial least square discriminate analysis (PLS-DA) were conducted. When there are only two sample groups, orthogonal partial least

square discriminant analysis (OPLS-DA) would be used instead of PLS-DA. Result visualization were provided for the performed statistical

analyses, including volcano plot in differential metabolite test, scatter plot with confidence ellipse in PCA, scatter plot with confidence ellipse

and variable importance dot plot in PLS-DA/OPLS-DA.
In vivo and in vitro assays

The data examined are expressed as the meansG standard deviations (SDs). Statistical analysis was performed using GraphPad Prism soft-

ware (La Jolla, CA). Comparisons between groups were made using one-way ANOVA followed by the Student-Newman-Kuels test. P<0.05

was considered to indicate statistical significant. All error bars indicate the SD of mean. Sample sizes and any additional statistical details can

be found in the figure legends.
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