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Abstract

Background—Surgical approaches to the treatment of obesity and type 2 diabetes, most notably 

the Roux-en-Y gastric bypass (RYGB) procedure, have been shown to be renoprotective, reducing 

the incidence of albuminuria and end-stage kidney disease (ESKD) over 15-20 year follow-up in 

patients with obesity. The tissue level effects of metabolic surgery on the diabetic kidney are not 

easily interrogated in clinical samples. However, elucidation of the cellular and molecular basis for 

the renoprotective effects of metabolic surgery is now emerging from a body of pre-clinical work 

in rodent models of diabetic kidney disease (DKD).

Summary—Experimental metabolic surgery (RYGB, sleeve gastrectomy (SG), Roux-en­

Y oesophagojejunotomy (RYEJ), and duodenojejunal bypass (DJB)) exert a pronounced 

albuminuria-lowering effect in rat models of DKD. Following RYGB in the Zucker Diabetic 

Fatty (ZDF) rat, glomerular histology is improved as demonstrated by reductions in podocyte 

stress, glomerulomegaly and glomerulosclerosis. Glomerular ultrastructure improves post-RYGB 

and post-SG, manifested by quantifiable reductions in podocyte foot process effacement. The 

transcriptional programme underpinning these structural improvements has been characterised at 

the pathway level using RNA-sequencing, and is associated with a significant reduction in the 

activation of inflammatory and fibrotic responses.

Key Messages—Experimental metabolic surgery reduces biochemical, histological and 

molecular indices of DKD. This pre-clinical data supports a growing interest in the potential 

utility of metabolic surgery as a therapeutic approach to slow renal function decline in patients 

with obesity and DKD.
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Introduction

Diabetic kidney disease (DKD) is the leading cause of end-stage kidney disease (ESKD) 

[1]. Although there have been recent advances in medical therapy for DKD, most notably 

sodium-glucose co-transporter-2 inhibitors and glucagon-like peptide-1 receptor agonists, 

it remains a progressive disease despite intensive outpatient management by nephrologists 

and diabetologists [2–4]. Most of the excess mortality attributable to diabetes occurs in 

people with kidney disease [5]. Cardiovascular mortality rates increase proportionally with 

DKD stage, and in particular, are unacceptably high in people with ESKD [6]. Therefore, 

prevention of progression of DKD to ESKD is of critical importance.

Obesity is common amongst people with chronic kidney disease (CKD); for example, the 

prevalence of obesity was 44.1% amongst adults with CKD in the United States during 

2011-2014 and 35.3% in an Irish tertiary nephrology centre in 2018-2019 [7, 49]. Metabolic 

surgery is an effective means of inducing sustained weight loss and plays a central role 

in the management of patients with severe obesity (body-mass index (BMI) ≥40 kg/m2) 

with or without type 2 diabetes. However, given that less severe obesity (BMI <40 kg/m2) 

is more prevalent amongst patients with DKD and other microvascular complications of 

type 2 diabetes, and much of the beneficial end-organ impact of metabolic surgery occurs 

independently of weight loss, there is a growing interest in the role of metabolic surgery 

in patients with type 2 diabetes and less severe obesity [8]. Indeed, the Microvascular 

Outcomes after Metabolic Surgery randomised controlled trial, which demonstrated that 

Roux-en-Y gastric bypass (RYGB) surgery is a more effective means of achieving remission 

of albuminuria at 24 months than best medical treatment, selectively recruited patients with 

type 2 diabetes and a BMI 30-35 kg/m2[9].

Large-scale observational studies have demonstrated that metabolic surgery reduces the 

incidence of albuminuria, slows progressive renal functional decline, and reduces the 

incidence of ESKD in patients with obesity [10–13]. Improved control of body weight, 

blood pressure, dyslipidaemia, and glycaemia contribute to these findings [14]. However, 

in patients with type 2 diabetes, the anti-proteinuric effect of metabolic surgery occurs 

independently of improvements in body weight, blood pressure, and glycaemia [15]. 

Therefore, weight-independent renoprotective effects occur post-metabolic surgery in people 

with type 2 diabetes. Synergistic changes in visceral adipose tissue content and location, 

alterations in adipocytokine signalling, enhanced natriuresis, gut microbiota shifts, and 

reduced systemic and renal inflammation are purported to play a role [16, 13].

Limited access to human kidney tissue is a major limitation of studying human DKD, 

particularly post-metabolic surgery. Pre-clinical studies of metabolic surgery in experimental 

DKD thus offer a unique opportunity to investigate structural and molecular changes in 

the kidney postoperatively. In the present review, we aim to summarise the renoprotective 
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effects and mechanisms observed in pre-clinical studies of metabolic surgery in rodents 

with obesity, type 2 diabetes, and kidney disease to date. We supplement the review with 

additional unpublished findings from our own research group.

Metabolic and Renal Biochemical Parameters

Table 1 provides an overview of metabolic and renal parameters assessed in pre-clinical 

studies of metabolic surgery for experimental DKD. Three studies evaluated the impact of 

RYGB surgery [17–19], two evaluated duodeno-jejunal bypass (DJB) surgery [20, 21], while 

one study each utilised Roux-en-Y esophagojejunostomy (RYEJ) and sleeve gastrectomy 

(SG) [22, 23]. All experiments studying RYGB were performed in the Zucker Diabetic Fatty 

(ZDF) rat model of obesity and DKD by our group. Studies evaluating DJB, RYEJ, and 

SG were performed in a high-fat diet (40% calories from fat) plus low-dose streptozotocin 

(STZ) model of obesity, diabetes and renal injury in Sprague Dawley or Wistar rats. Xiong 

et al. evaluated postoperative outcomes at 3 timepoints (4, 8, and 12 weeks); only data from 

the final timepoint (12 weeks) is presented in the Tables 1 and 2.

Body weight and metabolic control

RYGB, RYEJ, and SG achieved significant reductions in body weight at timepoints 

ranging from 7-13 weeks postoperatively [22, 17–19, 23]. Although rats undergoing DJB 

experienced weight gain postoperatively, body weight was reduced compared with SHAM­

operated rats at 8 weeks postoperatively in both studies using this procedure [20, 21]. All 

metabolic surgeries effectively improved glycaemia, with greater than 70% reductions in 

plasma glucose post-RYGB reported by Canney et al. and Nair et al. [18, 19]. No studies 

have assessed glycaemic control post-metabolic surgery in experimental DKD using HbA1c 

or fructosamine. Significant reductions in total cholesterol and triglycerides compared with 

control rats were reported in a cross-sectional manner at study close post-DJB and post­

RYGB by Zhiqing et al. and Nair et al., respectively [20, 19]. No studies to date have 

conducted longitudinal pre- and post-metabolic surgery profiling of plasma lipids.

Urinary Protein Excretion and Glomerular Filtration Rate

RYGB and SG are the only metabolic surgeries that have lowered proteinuria in pre-clinical 

studies of DKD to date [17–19, 23], although the magnitude of reduction in proteinuria has 

been greater with RYGB than SG. Human studies have indicated that RYGB may be a more 

effective than SG in terms of metabolic control [24]. Additionally, more observational and 

randomised human data exists for RYGB as a renoprotective intervention compared with 

SG [13]. Certain purported renoprotective effects of metabolic surgery, such as increased 

natriuresis activating tubuloglomerular feedback to combat glomerular hypertension, exists 

only for RYGB and not SG [25, 16]. Stable or increased levels of urinary albumin excretion 

rate at 8 weeks after DJB were reported by Wu et al. and Zhiqing et al., respectively [20, 

21]. Conversely, Canney et al. reported an 86% reduction in urinary albumin-to-creatinine 

ratio compared with SHAM-operated rats at 7 weeks post-RYGB [18]. Similarly, Nair et 

al. reported an 87% reduction in preoperative urinary albumin-to-creatinine ratio values at 

8 weeks post-RYGB [19]. While all studies evaluated urinary protein excretion on timed 

urinary collections using metabolic cages, there is variability in how results have been 
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reported with researchers using urinary albumin excretion rate, urinary albumin-to-creatinine 

ratio, and urinary protein-to-creatinine ratio to quantify proteinuria.

Changes in renal function as assessed by measurement of 24-hour urinary creatinine 

clearance has been conducted post-RYEJ and post-DJB and compared against SHAM­

operated animals. Reductions in creatinine clearance post-RYEJ and post-DJB relative to 

SHAM-operated animals is a consistent finding [20, 22, 21]. Limitations of estimating 

kidney function with serum creatinine post-metabolic surgery notwithstanding [26], these 

findings may reflect remission of glomerular hyperfiltration. Zhiqing et al. also measured 

serum cystatin C at 8 weeks post-DJB, finding that it was elevated relative to values 

in SHAM-operated rats [20]. To date, no studies have directly measured glomerular 

filtration rate using available methodologies including plasma clearance of iohexol and 

transcutaneous measurement of FITC-sinistrin clearance [27, 28].

Renal Morphometry and Immunohistochemistry

Table 2 outlines renal morphometric and immunohistochemical parameters assessed in pre­

clinical studies of metabolic surgery for DKD to date. Studies have predominantly assessed 

changes in glomerular structure postoperatively to investigate the structural underpinnings 

of the pronounced anti-proteinuric effect of metabolic surgery. Reduced glomerular area has 

been demonstrated by 3 studies evaluating RYGB in ZDF rats [17–19], while Wu et al. 

and Xiong et al. also demonstrated reductions in glomerular area post-DJB and post-SG, 

respectively [21, 23]. Reduced glomerular volume has been exclusively demonstrated after 

RYGB in 2 studies [18, 19], while reduced mesangial matrix expansion has been shown in 

2 separate studies of DJB and 1 study of SG but not RYGB [20, 21, 23]. No studies to 

date have directly assessed renal tubular morphology after metabolic surgery in experimental 

DKD, which should be a priority for future research in the field given the prominent role 

assigned to proximal tubular dysfunction in the onset and propagation of proteinuria in 

DKD.

Immunohistochemistry facilitates the investigation of molecular mechanisms and cell­

specific responses within the kidney after metabolic surgery. Staining for Wilms’ tumour-1 

protein (WT-1), a podocyte-specific nuclear antigen, highlights podocyte distribution and 

permits calculation of podocyte endowment within the glomerulus [29]. Canney et al. 

quantified WT-1 stained nuclei in the kidney after RYGB [18]. Although no absolute 

differences in podocyte number were observed, the smaller glomerular volume in RYGB­

operated rats resulted in a decrease in the glomerular volume served per podocyte (reduced 

podocyte coverage). Similarly, Zhiqing et al. demonstrated increased renal expression of 

another podocyte-specific marker, synaptopodin, 8 weeks post-DJB [20]. Xiong et al. 

demonstrated increased renal expression of nephrin, a key structural protein located at the 

slit diaphragm area of podocytes, by both immunohistochemistry and western blotting up 

to 12 weeks post-SG [23]. De novo staining for desmin, a podocyte intermediate filament 

protein, is an early marker of podocyte mechanical stretch due to glomerular hypertension 

in the setting of DKD [29]. Canney et al. and Nair et al. both demonstrated significant 

reductions in the number of desmin-positive cells post-RYGB in ZDF rats [18, 19]. 
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Together, these findings suggest that metabolic surgery opposes podocyte dedifferentiation 

in the setting of DKD.

Neff et al. demonstrated reduced renal expression of the macrophage marker CD68 

post-RYGB in the ZDF model of DKD [17]. This occurred in parallel with 

decreased urinary excretion of monocyte chemotactic protein-1 (MCP-1), improvements 

in glomerular morphometry and proteinuria. This finding indicates reduced renal 

inflammation postoperatively, consistent with the observation of reduced urinary excretion 

of inflammatory cytokines at 1-year post-metabolic surgery in humans [30]. Notably, the 

RYGB-induced improvements observed by Neff et al. in ZDF rats were recapitulated (save 

for impact on proteinuria) in a parallel SHAM-operated group that underwent diet restriction 

to achieve RYGB-matched weight loss. Wang et al. demonstrated reduced renal expression 

of TGF-β1 in glomerular and renal tubular epithelial cells at 8 weeks post-RYEJ, indicative 

of an anti-fibrotic effect of the intervention [22].

Glomerular Ultrastructure

While most studies of metabolic surgery for experimental DKD to date have evaluated 

changes in glomerular morphometry postoperatively, 3 studies (2 post-RYGB and 1 post­

SG) have assessed glomerular ultrastructure using transmission electron microscopy (Table 

2) [18, 19, 23]. Injury-associated cytoskeletal rearrangements in podocytes result in the 

disruption and retraction of primary and secondary foot processes, a phenomenon referred 

to as foot process effacement. This pattern of glomerular ultrastructural disruption is 

mechanistically linked to the emergence of proteinuria in DKD through its impact on 

size-selective sieving properties of the glomerular filtration barrier [31].

Canney et al. demonstrated that RYGB restores normal podocyte foot process frequency 

(a marker of podocyte health) at 7 weeks post-RYGB [18]. Similarly, Nair et al. showed 

that RYGB restores normal podocyte foot process morphology by increasing foot process 

frequency and decreasing foot process diameter at 8 weeks post-RYGB [19]. Both studies 

highlighted that RYGB had no effect on glomerular basement membrane (GBM) thickness. 

As GBM thickness was not significantly elevated in SHAM-operated versus healthy control 

rats, power to detect reduced GBM thickening post-RYGB was significantly diminished. 

This latter finding, therefore, reflects a limitation of studying DKD in rodents as not all 

features of human diabetic nephropathy are reliably recapitulated in rats [32].

Conversely, GBM thickening to approximately 230-250 nm did develop in Xiong et al.’s 

study of SG conducted in high-fat diet Wistar rats treated with low-dose streptozotocin 

(STZ) [23]. Accordingly, GBM thickness was reduced by SG at 4, 8, and 12 weeks 

[23]. Similar to Nair et al.’s study of RYGB highlighted above [19], increased podocyte 

foot process width (analogous to diameter) which developed in SHAM-operated rats was 

reversed by SG out to 12-week follow-up [23].

Renal Cortical Transcriptome

Nair et al. interrogated changes in the renal cortical transcriptome (assessed using bulk 

RNA-sequencing) at 8 weeks post-RYGB in the ZDF rat model [19]. Downstream analysis 
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focused on differentially expressed transcripts with an absolute fold-change ≥1.3 and 

p-value adjusted for multiplicity testing (Benjamini-Hochberg) <0.05. In total, 379 were 

genes differentially expressed between SHAM-operated ZDF rats compared with healthy 

fa/+ controls, while 942 genes were differentially expressed between RYGB-operated and 

SHAM-operated ZDF rats. This corresponded to a change in 2.1% (379/18,423) of the 

renal transcriptome in SHAM-operated ZDF rats and 5.1% (942/18,423) of the renal 

transcriptome in RYGB-operated rats, respectively. Inflammation, tubulopathy, and fibrosis­

associated transcripts including Il24 (interleukin-24), Havcr1 (kidney-injury molecule-1), 

and Spp1 (osteopontin) were strongly increased from health to disease (SHAM-operated 

ZDF rats versus fa/+ rats) and markedly decreased with metabolic surgery (RYGB-operated 

versus SHAM-operated ZDF rats). Additionally, RYGB increased expression of several 

genes reflecting adaptive responses to postoperative micronutrient deficiency, including Epo 
and Cyp27b1, indicative of impaired iron and vitamin D homeostasis, respectively.

Pathway enrichment analyses performed using the Reactome database identified 

upregulation of renal inflammation and fibrosis pathways in SHAM-operated ZDF rats 

which was reversed by RYGB [33, 19]. Conversely, biological oxidation activity was 

decreased in SHAM-operated rats and restored by RYGB, reflecting restoration of renal 

tubular biotransformation capacity postoperatively. Using MCP-counter to estimate renal 

tissue-infiltrating immune and stromal cell populations [34], RYGB-operated animals were 

predicted to have decreased immune cell and fibroblast abundance compared with SHAM­

operated ZDF rats.

Of the 379 transcripts differentially expressed from health to disease (SHAM-operated ZDF 

rats versus fa/+ rats), 144 (38.0%) of these genes were also changed by RYGB. The majority 

of these genes were changed in the opposite direction to disease-associated transcriptional 

shifts, emphasising the corrective impact of RYGB in experimental DKD. Of the 144 

disease-associated transcripts corrected by RYGB, 22 were significantly differentially 

expressed in the glomeruli of patients with DKD [35], indicating the potential of RYGB 

to decrease DKD-associated inflammation (Csf1r, C4b), TGF-β1 mediated fibrosis (Vim, 
Fn1, Spp1), and adaptive cytoskeletal responses to mechanical stretch induced by glomerular 

hypertension (Tnnt, Tubb6), while also restoring tubular bone-morphogenetic protein-7 

signalling (Id4). Indeed, disease-associated transcripts corrected by RYGB strongly and 

positively correlated with abnormal glomerular morphometry and negatively correlated with 

podocyte foot process frequency, a marker of glomerular health, suggesting that RYGB­

induced corrections in renal inflammation and fibrosis signalling contribute to improved 

glomerular structure and ultrastructure postoperatively. In particular, TGF-β1 signalling 

pathway regulated genes including osteopontin (Spp1), vimentin (Vim), and fibronectin 

(Fn1) strongly correlated with altered glomerular structure. Reduced expression of these 

targets post-RYGB was confirmed by urinary ELISA (Spp1) and qPCR/western blotting 

of renal cortex (Vim/Fn1). Thus, reduced TGF-β1-mediated renal fibrosis emerged as a 

dominant transcriptomic response to RYGB which persisted through validation in a human 

DKD glomerular microarray dataset [35], findings which are consistent with reduced renal 

TGF-β1 expression by immunohistochemistry post-RYEJ demonstrated by Wang et al. [22].
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Elucidating cell-specific responses within the kidney post-RYGB has the potential 

to uncover new mechanisms governing renoprotection. Therefore, we performed a 

deconvolution analysis of our post-RYGB bulk renal cortical RNA-sequencing data in a 

publicly available single-cell RNA-sequencing dataset of the human diabetic kidney [36]. 

Figure 1 presents a heatmap of cell-specific expression patterns of 106 disease-associated 

transcripts with human orthologs changed by RYGB in our dataset. Interestingly, despite 

pronounced improvements in glomerular structure and ultrastructure post-metabolic surgery 

in rats, transcriptomic changes are more common in renal tubular segments (particularly 

proximal tubule) as well as leucocyte and fibroblast cell populations. This suggests that 

corrective gene expression changes induced by metabolic surgery in the kidney at sites 

distant from the glomerulus may contribute to the improved glomerular structure observed.

Translational Relevance of Rodent Models Employed in Pre-Clinical Studies 

of Metabolic Surgery for DKD

Rodent models of obesity and diabetes offer a unique opportunity to explore responses to 

metabolic surgery within the kidney and indeed at the level of the whole organism, although 

findings presented in this review must be interpreted within the context of limitations of 

pre-clinical modelling of DKD. Mice are the most widely used species in animal research 

because they breed quickly, are cheap to house, and are amenable to genetic manipulation 

[32]. However, mortality rates post-metabolic surgery in mice are very high, particularly 

with the RYGB procedure where mortality rates approach 100%, due to technical difficulty 

fashioning anastomoses [37]. Additionally, the murine forestomach lacks sufficient muscle 

to push nutrients through the anastomosis post-RYGB, resulting in mortality from gastric 

obstruction [37]. Rats have therefore been favoured for pre-clinical studies of metabolic 

surgery; postoperative mortality rates with the RYGB procedure in our group have ranged 

from 10-20%.

Rodent models of obesity and diabetes develop glomerular hyperfiltration, albuminuria, and 

reliably recapitulate histological features of early human diabetic nephropathy, but do not 

develop features of advanced human disease including nodular glomerulosclerosis, marked 

tubulo-interstitial fibrosis, and kidney failure [32]. Although the role of metabolic surgery 

in the treatment of advanced human DKD is an emerging research question, most human 

studies of metabolic surgery conducted to date have focused on reducing the incidence of or 

improving control of early-stage DKD [13]. The severity of kidney disease reiterated by rat 

models of obesity and diabetes is thus translationally relevant to ongoing human studies in 

the field.

The ZDF rat utilised in studies of RYGB by our group develops hyperphagia and insulin 

resistance as a consequence of monogenic obesity due to a homozygous recessive missense 

mutation in the fa gene encoding the leptin receptor [38]. Separate to the leptin receptor 

mutation, the ZDF rat harbours a genetic defect in pancreatic β-cell gene transcription 

which contributes to the emergence of type 2 diabetes in the setting of insulin resistance 

[39]. Importantly, due to the absence of an intact leptin signalling system, ZDF rats do not 

reliably manifest hypertension [40], which is a critical determinant of DKD progression 
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in humans. ZDF rats also manifest hydronephrosis and progress rapidly to overt diabetes 

in the adolescent state prior to reaching maturity [40, 41]. Although ZDF rats manifest 

obesity, insulin resistance, and dyslipidaemia, they do not develop all features of the human 

metabolic syndrome and lack a significant period of pre-diabetes which is characteristic of 

human DKD.

High-fat diet and STZ-treated rats, which have been used by other groups in pre-clinical 

studies of metabolic surgery, also rapidly progress to overt diabetes without a prolonged 

period of pre-diabetes as a consequence of STZ toxicity to pancreatic β-cells [42]. 

Similar to the ZDF model, models of STZ-induced diabetes do not reliably manifest 

hypertension [42]. A distinct disadvantage of STZ is its non-specific renal cytotoxicity 

which can directly induce renal tubular injury [43]. Although all studies included in the 

current review utilised a single low-dose of STZ, STZ-induced renal tubular injury has 

been described even at low doses [44]. High-fat diet and low-dose STZ models may 

more readily develop manifestations of obesity-related glomerulopathy rather than diabetic 

nephropathy. However, given the overlap in pathophysiology and renal manifestations of 

obesity-related glomerulopathy and diabetic nephropathy [45], as well as the growing 

evidence for metabolic surgery for non-diabetic chronic kidney disease [13], the findings 

observed remain translationally relevant.

Several emerging pre-clinical models of obesity and diabetes overcome many of the 

aforementioned limitations of the rat models utilised in studies of metabolic surgery to 

date. The Zucker Diabetic Sprague Dawley (ZDSD) rat was developed by crossing lean 

homozygous ZDF rats with a substrain of Sprague Dawley rats that were selectively 

bred for high-fat diet-induced obesity [46]. Thus, the ZDSD rat combines the defect in 

pancreatic β-cell gene transcription characteristic of the ZDF rat with polygenic obesity 

of the Sprague Dawley rat to produce a model of obesity and diabetes with an intact 

leptin pathway [46]. The ZDSD rat is thus a more translationally relevant pre-clinical 

model which spontaneously develops type 2 diabetes and hypertension in the context of 

polygenic obesity and a prolonged pre-diabetic period. Renal manifestations of the model 

have also been characterised, and include glomerular hyperfiltration, glomerular and tubular 

injury, mesangial expansion, GBM thickening, and podocyte foot process effacement [47]. 

The renal physiology and structure of large animals more closely resembles that of the 

human kidney than smaller animals such as rats. The Iberian pig fed with high-fat diet 

is a promising model of obesity-related glomerulopathy and diabetic nephropathy, which 

develops renal histological manifestations that very closely resemble the human disease 

even in the absence of overt type 2 diabetes, including lipid deposits and some features 

of advanced glomerular disease such as nodular glomerulosclerosis [48]. These emerging 

models, which are more translationally relevant to human DKD, come at the expense of 

prolonged experimental timelines and increased animal husbandry costs.

Conclusions

All pre-clinical studies of metabolic surgery for experimental DKD have demonstrated 

pronounced improvements in glycaemia postoperatively. RYEJ, RYGB, and SG achieved 

postoperative weight loss [22, 17–19], while DJB slowed weight gain compared with 
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SHAM-operated controls [20, 21]. RYGB exerted a potent proteinuria-lowering effect across 

3 studies [17–19], while DJB and RYEJ slowed progression of proteinuria compared with 

SHAM-operated controls [20, 22, 21]. SG also lowered proteinuria in a single study, 

although reductions were lesser in magnitude compared with RYGB [23]. No studies to date 

have examined pre- and post-metabolic surgery changes in dyslipidaemia, blood pressure, 

and measured glomerular filtration rate and these should be prioritised by futures studies in 

the field.

Most pre-clinical studies have demonstrated improved glomerular morphometry post­

metabolic surgery. Immunohistochemical interrogation of the kidney post-metabolic 

surgery has demonstrated improved podocyte endowment (WT-1, synaptopodin) and 

structural integrity of podocyte slit diaphragms (nephrin), decreased podocyte mechanical 

stretch (desmin), and reduced macrophage infiltration and fibrosis (CD68 and TGF-β1, 

respectively) [20, 22, 17–19, 23]. Two studies have used transmission electron microscopy 

to show that RYGB improves glomerular ultrastructure in ZDF rats [18, 19], while similar 

reductions in podocyte foot process effacement were observed in a single study of SG 

[23]. No studies have specifically examined changes in renal proximal tubular morphometry 

and ultrastructure post-metabolic surgery in experimental DKD. Such studies should be 

prioritised as RYGB-induced transcriptional changes are abundant in the proximal tubule 

and structural characterisation of this tubular segment may uncover new phenomena 

underpinning the anti-proteinuric effect of metabolic surgery.

Bulk RNA-sequencing of the renal cortex has highlighted that RYGB corrects DKD­

associated alterations in multiple pathways including fibrosis, inflammation and biological 

oxidations. Pro-inflammatory and pro-fibrotic transcripts corrected by RYGB strongly 

correlate with glomerular structural integrity, providing mechanistic insight into the 

improved glomerular structure post-metabolic surgery. RYGB corrects DKD-associated 

transcriptomic alterations across all cell types in the kidney, with a predominant effect 

in glomerular cells, proximal tubular cells, leucocytes, and fibroblasts. Interrogating renal 

responses to metabolic surgery in experimental DKD using single-cell RNA-sequencing 

should add granularity to mechanisms underpinning its renoprotective effects.

Ultimately, studying renal responses to metabolic surgery in experimental DKD employs a 

reverse-translational approach whereby mechanisms underpinning the renoprotective effects 

of metabolic surgery observed in large-scale observational and emerging randomised human 

studies can be interrogated. Evidence accumulated in pre-clinical studies of metabolic 

surgery for experimental DKD to date support a growing role for metabolic surgery in 

the DKD treatment algorithm.
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Figure 1. Deconvolution analysis of 106 DKD-associated transcripts which are corrected by 
RYGB in ZDF rats using publicly available human diabetic kidney single-cell RNA-sequencing 
data.
Columns represent 14 kidney cell types. Cell types include: ENDO, endothelial cells; MES, 

mesangial cells; PODO, podocytes; PEC, parietal epithelial cells; PT, proximal tubular cells; 

PT-KIM1+, proximal tubular cell cluster positive for kidney-injury molecule-1; LOH, loop 

of Henle; DCT1, distal convoluted tubule cluster 1; DCT2-CNT, distal convoluted tubule 

cluster 2-connecting tubule; CD-PC, collecting duct-principal cell; CD-ICA, collecting duct­

intercalated cell type A; CD-ICB, collecting duct-intercalated cell type B; LEUK, leukocyte; 

FIB, fibroblast.

Rows indicate genes (official gene symbols of human orthologous genes displayed).

Cell colours indicate relative transcript expression levels in the human diabetic kidney: red 

– high expression in cell type; yellow – low expression in cell type; blue – very low/absent 

expression in cell type.
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