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Abstract 

Diabetic kidney disease (DKD), has become the main cause of end-stage renal disease (ESRD) worldwide. Lately, it 
has been shown that the onset and advancement of DKD are linked to imbalances of gut microbiota and the abnor-
mal generation of microbial metabolites. Similarly, a body of recent evidence revealed that biological altera-
tions of mitochondria ranging from mitochondrial dysfunction and morphology can also exert significant effects 
on the occurrence of DKD. Based on the prevailing theory of endosymbiosis, it is believed that human mitochon-
dria originated from microorganisms and share comparable biological characteristics with the microbiota found 
in the gut. Recent research has shown a strong correlation between the gut microbiome and mitochondrial func-
tion in the occurrence and development of metabolic disorders. The gut microbiome’s metabolites may play a vital 
role in this communication. However, the relationship between the gut microbiome and mitochondrial function 
in the development of DKD is not yet fully understood, and the role of microbial metabolites is still unclear. Recent 
studies are highlighted in this review to examine the possible mechanism of the gut microbiota-microbial metabo-
lites-mitochondrial axis in the progression of DKD and the new therapeutic approaches for preventing or reducing 
DKD based on this biological axis in the future.
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Introduction
The prevalence of diabetic patients has been rising in 
recent decades, leading to an increase in cases of DKD, 
a severe microvascular complication of diabetes mellitus 
(DM) characterized by thickening of the basement mem-
brane, glomerular and tubular hypertrophy, mesangial 
matrix expansion, and eventual loss of kidney function 

(Hoshino et  al. 2015; Ritz, and Orth 1999). The Inter-
national Diabetes Federation has released data predict-
ing that the number of individuals with diabetes will 
reach 700 million by 2045 (Saeedi et  al. 2019). After an 
initial diagnosis, approximately 40% of diabetic patients 
may develop DKD within 10–20 years (Lim 2014). DKD 
accounts for 44.5% of newly diagnosed ESRD patients 
and has become the main cause of ESRD (Collins et  al. 
2011; Sharma et  al. 2017). As kidney damage pro-
gresses, DKD patients have a higher risk of mortality and 
decreased quality of life (Afkarian et  al. 2013). Despite 
the impact of this, the current comprehension of the 
pathogenic mechanisms of DKD remains intricate and 
ambiguous. Currently, although more and more trials 
showed that the SGLT2 inhibitors have certain renopro-
tection (Garofalo et al. 2019; Mosenzon et al. 2019; Leslie 
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and Gerwin 2019; Heerspink et al. 2020), effective treat-
ments for DKD are still deficient (Hostetter 2001). There-
fore, new prospective treatment strategies for DKD need 
to be explored urgently.

Accumulating evidence has emphasized a significant 
association between the microbiome of the digestive 
system and metabolic disorders like obesity, polycystic 
ovary syndrome, and diabetes (Tilg, and Moschen 2014; 
Wu et  al. 2021). Emerging research suggests that an 
imbalance in gut bacteria can impact the advancement of 
CKD by generating uremic toxins and controlling inflam-
mation and the immune system (Lee et al. 2011). Several 
studies have shown that the alteration of gut microbiota 
play a crucial part in the onset and development of DKD 
(Vaziri et al. 2016; Fernandes et al. 2019). However, a key 
question is to answer how gut microbiota results in renal 
damage in DM patients. As we know, gut microbiota dys-
biosis is characterized by a disruption of the homeostatic 
balance and abnormal production of bacterial metabo-
lites. Although some gut microbiota metabolites, which 
can be either beneficial or harmful, were found partici-
pated in the pathological progression of DKD (Fang et al. 
2021a), there are still numerous challenges to uncover the 
underlying pathological mechanism.

The fact that the renal system has a high resting meta-
bolic rate is well-known, which leads to an abundance of 
mitochondria. High energy produced by mitochondria 
must meet the high energy requirements of the kidney 
for glomerular filtration, urine reabsorption and forma-
tion (Bhargava, and Schnellmann 2017). To maintain 
a healthy and optimally functioning kidney, it is crucial 
to have mitochondrial homeostasis as kidney cells like 
proximal tubular cells and podocytes require adenosine 
triphosphate (ATP) and reactive oxygen species (ROS) 
that are released by mitochondria to perform their physi-
ological functions (Müller-Deile and Schiffer 2014; Gil-
bert 2017; Brinkkoetter et  al. 2019). Extensive research 
has been conducted in recent years on the possible con-
tribution of mitochondrial malfunction to the onset and 
advancement of DKD. Sufficient research indicates that 
changes in mitochondria, such as their shape, creation, 
energy production, and excessive production of ROS, 
play a role in the advancement of DKD (Bhargava and 
Schnellmann 2017; Galvan et al. 2017, 2021).

Considering the comprehensive crosstalk between the 
microbiome and mitochondria is an intriguing perspec-
tive, as previously stated, due to the connection between 
dysbiosis of gut microbiota and changes in mitochon-
dria in the pathogenesis of DKD. Host mitochondria can 
import certain bacterial proteins because their targeting 
sequences are similar to those of mitochondria (Lucat-
tini et al. 2004). The biological processes of mitochondria 
(Franco-Obregón and Gilbert 2017; Lobet et  al. 2015; 

Neish, and Jones 2014) can be directly regulated by the 
gut microbiota through key transcription factors, coacti-
vators, and enzymes. Our hypothesis is that communica-
tion between mitochondria and the human microbiome 
can impact the metabolic health of the host. It is note-
worthy that multiple researches highlight the depend-
ability of the inter-action between the microbiome and 
mitochondria of the host (Lobet et al. 2015; Walker et al. 
2014; Zorov et al. 2014). A significant role in communi-
cation between bacteria and mitochondria is thought to 
be played by metabolite molecules from gut microbiota, 
including short-chain fatty acids (SCFA), lipopolysac-
charides (LPS), and hydrogen sulfide (H2S) (Mafra et al. 
2019). Therefore, this article aims to investigate the pos-
sible mechanism of the gut microbiota-microbial metab-
olites-mitochondrial axis in the advancement of DKD by 
analyzing existing literature and propose potential thera-
peutic strategies for managing DKD.

Gut microbiota dysbiosis in DM and DKD
Alteration of gut microbiome in type 1 and 2 DM 
individuals
While a direct link between gut microbiota dysbiosis and 
T1DM development has not been confirmed, an imbal-
ance in gut microbiota has been found at different stages 
of diabetes, which includes T1 and T2 DM. In patients 
with prediabetes or diabetes, the gut microbiota changes 
characterized by a decrease in the ratio of Gram-positive 
firmicutes to Gram-negative Bacteroidetes (Demirci et al. 
2020; Giongo et al. 2011), absence of butyrate producing 
bacteria, reduced bacterial diversity and community sta-
bility, which is significantly distinct from that of healthy 
individuals (Knip, and Siljander 2016; Brown et al. 2011; 
De Goffau et al. 2013; Kostic et al. 2015). Bacteroides are 
associated with increased interleukin (IL)-6, poor blood 
glucose control, increased toll-like receptor levels and 
anti-islet cell autoantibodies (Demirci et  al. 2020; Higu-
chi et  al. 2018; Huang et  al. 2018) in T1DM patients. 
Decreased Faecalibacterium levels was also observed 
in MODY2 patients, which is negatively related with 
HbA1c (Huang et  al. 2018). Under germ-free (GF) con-
ditions, the persistent deterioration of insulitis in T1DM 
patients suggests a possible signaling crosstalk between 
the immune system and the microbiota (Alam et  al. 
2011). Autoimmunity of β cell in islet has been shown to 
be associated with changes in specific symbiotic bacteria, 
including reduction of clostridium leptin in non-obese 
diabetic rats and increase of bacteroidetes in late T1DM 
patients (Sysi-Aho et  al. 2011; Davis-Richardson et  al. 
2014).

New research in both humans and animals has revealed 
that the gut microbiota of individuals with T2DM has 
undergone significant alterations. In T2DM patients, 
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the hyperglycemia and metabolic disorder were demon-
strated to be positively correlated with a higher ratio of 
Firmicutes/Bacteroidetes (Remely et  al. 2016; Wu et  al. 
2019).

Compared to healthy controls, T2DM patients exhibit 
a greater percentage of Enterobacteriaceae, Collinsella, 
Streptococcus, Lactobacillus and Lachnospiraceae/Rumi-
nococcus, which was important in activating lower lev-
els of inflammation and exacerbating insulin resistance 
(Candela et al. 2016). In addition, the probiotics that pro-
duce SCFAs including the bacteroidesis prevotellais lach-
nospirag roseburia and faecali bacteria were significantly 
depleted in patients with diabetic (Ma et al. 2020). Com-
pared with healthy subjects, the abundance of Blautia, a 
producer of SCFAs, is reduced in T2DM patients, which 
was like some other butyric acid-producing bacteria and 
may be one of the causes of dysglycemia (Song et al. 2020; 
Inoue et  al. 2017). To sum up, current evidence shows 
that altered gut microbiome are significantly related to 
the pathogenesis of type 1 DM or type 2 DM (Vatanen 
et  al. 2016; Brown et  al. 2016). Altered gut microbiome 
may promote the onset of type 1 diabetes by changing 
the immune system. In addition, Dysbiosis of gut micro-
biome may cause blood glucose regulation disorder 
by aggravating oxidative stress damage, promoting the 
expression of pro-inflammatory factors and increasing 
insulin resistance, which contribute to the development 
of metabolic disorders such as pre-diabetes and type 2 
diabetes (Palacios et al. 2017; Peng et al. 2014).

Changes of gut microbiota in DKD
Abnormal gut microbiota has been observed in both ani-
mal and human studies about DKD. The DKD animal 
model exhibited a reduction in α-diversity and SCFAs 
producing bacteria, along with an increase in Bacillota 
and Actinobacteria (Li et al. 2020b). In the deterioration 
of DKD, the metabolic disorders were mainly caused by 
g_Eubacterium_nodatum_group, g_Lactobacillus, and 
g_Faecalibaculum as concluded by Zhang et al. (2022). A 
study in rats explored the pathophysiological mechanism 
between early DKD and changes in gut microbiota. The 
findings indicated that DKD rats, induced by intraperi-
toneal injection of streptozotocin, exhibited abnormal 
gut microbiota and an elevated level of plasma acetate. 
Elevated acetate levels hastened the onset of renal dam-
age, including thickening of the glomerular basement 
membrane, fusion of podocyte feet, and hypertrophy of 
the mesangial matrix (Lu et al. 2020). The abundance of 
certain bacteria is associated with the severity of protein-
uria. In DKD mice model with severe proteinuria (24  h 
urinary protein ≥ 300 mg/24 h), the enrichment of Allo-
baculum and Lottis was significantly increased, and was 
positively correlated with body weight, blood glucose and 

24  h urinary protein, while Blautia was negatively cor-
related with 24 h urinary protein in the mild proteinuria 
group (24 h urine protein < 300 mg/24 h) (Li et al. 2020a).

He et  al. discovered that the gut microbiota of DKD 
patients differed significantly from T2DM patients, and 
that the abundance of certain Citrobacter farmeri and 
Syndromus schinkii was positively associated with the the 
urinary albumin/urine creatinine ratios (UACRs) of DKD 
patients (He et  al. 2022). A study from China analyzed 
the variation in gut microbiota among healthy individu-
als, DKD patients who were diagnosed by renal biopsy 
and T2DM patients without kidney injury. The result 
exhibited notable variations in the abundance and variety 
of intestinal microorganisms among patients with DKD 
and T2DM. Compared to T2DM patients, DKD group 
had a higher abundance of Proteobacteria and Escher-
icha-Shigella, but a lower abundance of Prevotella_9 
(Tao et  al. 2019). Firmicutes, which produce butyrate 
and regulate the inflammatory response, were found to 
be more abundant in Control and T2DM groups than in 
DKD patients (Wong et  al. 2014; Furusawa et  al. 2013). 
Du et al. (2021) observed dysbiosis and reduced richness 
and diversity of gut bacteria from phylum to genus lev-
els in DKD patients, which could potentially serve as new 
microbial biomarkers for DKD. In addition, a systematic 
review and meta-analysis found that DKD patients had 
lower levels of intestinal bacteria, decreased diversity 
index, and significant changes in β diversity compared to 
healthy controls. The most significant changes were an 
increase in Escherichia, Citrobacter, and Klebsiella, and a 
reduction in Roseburia (Wang et al. 2022).

To summarize, although an intimate relationship 
between alterations of composition and function in gut 
microbiota and the progression of DKD has been con-
firmed, it is essential to clarify the specific mechanism of 
intestinal flora promoting the onset and advancement of 
DKD. Gut microbiota metabolites, as important messen-
gers of communication between bacteria and host, may 
have a significant impact on regulating host immunity 
and inflammation (Uchimura et al. 2018). In this regard, 
we speculate that the change of metabolites derived from 
gut microbial may be a major bridge to further under-
stand the ‘inter-talk’ between gut microbiome and DKD.

The potential mechanisms of gut microbial 
metabolites in DKD
Upon consumption of macronutrients, the microbiome 
in the human gut has the ability to generate a range of 
metabolites including SCFAs, TMAO, bile acids (BAs), 
protein-bound uremic toxins (PBUTs), branched-chain 
amino acids (BCAAs), and some other unknown metab-
olites. The metabolites derived from gut microbial are 
considered to be the medium of communication between 
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microbes and the host, which have significant effects on 
the biological activities and metabolism of the human 
body (Schroeder and Bäckhed 2016). In recent years, 
an increasing number of studies have investigated the 
changes in the diversity and function of gut microbiota 
in patients with metabolic diseases such as diabetes, obe-
sity, and metabolic syndrome. Studies have found that 
these patients have significant changes in the gut micro-
bial community, leading to dysbiosis of gut microbiota 
and/or leaky gut syndrome, increased intestinal perme-
ability, dysfunction of intestinal barrier. Subsequently, a 
variety of gut microbiota metabolites are released into 
the blood, such as SCFAs, TMAO, LPS, and uremic tox-
ins, are released into the blood, which further causes 
changes in disease phenotypes through a variety of sign-
aling pathways (Koppe et al. 2018; Sharma and Tripathi 
2019; Sharma et al. 2019; Jaworska et al. 2022).

Increasing evidence supports the crucial role of gut 
microbiota metabolites in the pathogenesis of DKD 
(Table 1). The major metabolites of microbiota-mediated 
fermentation of non-digestible carbohydrates in the gut 
are SCFAs, which are primarily produced by Bacteroi-
detes and Firmicutes (Levy et  al. 2016). Research has 
demonstrated that SCFAs have a significant impact on 
combatting inflammation, controlling immune response, 
and exerting anti-oxidant and anti-fibrotic effects in 
kidneys. Furthermore, SCFAs play a role in regulat-
ing blood pressure and human metabolism by activat-
ing G protein-coupled receptors and inhibiting histone 
acetylation (Huang et al. 2017b; Li et al. 2019, 2021). In 
comparison to T2DM individuals without kidney disease 
and normal controls, Zhong and colleagues found that 
patients with DKD had decreased levels of SCFAs in both 
their serum and feces. SCFAs are negatively correlated 
with renal function (Zhong et al. 2021). The pathological 
damage and deterioration of renal function in DKD can 
be improved by exogenous SCFAs, particularly butyric 
acid, through the inhibition of oxidative stress and NF-kB 
signaling mediated by GPR43 (Huang et al. 2020). Con-
suming dietary fiber can safeguard against DKD by pro-
moting the growth of SCFA-producing microorganisms 
in the gut and elevating SCFA levels in fecal matter and 
blood serum, which can slow down the advancement of 
DKD by stimulating GPR43 and GPR109A receptors (Li 
et al. 2020b). Butyrate (NaBu) has been demonstrated to 
enhance renal pathological injury in diabetic rats induced 
by streptozocin(STZ) in  vivo and alleviate apoptosis of 
NRK-52E cells induced by high glucose through inhib-
iting HDAC2 in vitro (Khan, and Jena 2014; Dong et al. 
2017; Du et  al. 2020). Conversely, there are disagree-
ments regarding the function of acetate in DKD. Huang 
et  al. Demonstrated that acetate has the ability to pro-
tect Mesangium cells against inflammation and oxidative 

harm caused by high glucose and Lipopolysaccharide 
(Huang et al. 2017a). While some research has indicated 
that acetate may have a negative impact on the progres-
sion of DKD. According to Lu et al.’s findings, the levels of 
plasma acetate was positive correlated with angiotensin 
II protein in the kidney, which is believed to be a poten-
tial cause of DKD (Li et al. 2020a). Additionally, another 
study indicated that acetate can lead to tubulointersti-
tial injury in DKD by disrupting cholesterol homeostasis 
through the activation of GPR43 (Hu et al. 2020).

The degradation of l-carnitine and choline found 
in foods like red meat, eggs, and cheese (Wang et  al. 
2011) results in the production of TMAO. Numerous 
researches have demonstrated that TMAO plays a role 
in controlling lipid metabolism and glucose balance, 
and is a factor in the development of some diseases 
such as atherosclerosis (Wang et  al. 2011), heart fail-
ure (Tang et  al. 2015b), diabetes (Zhuang et  al. 2019), 
Alzheimer’s disease (Vogt et  al. 2018), and chronic 
kidney disease (Tang et  al. 2015a). A clinical Study 
have verified that T1DM individuals with higher levels 
of plasma TMAO are more likely to experience poor 
renal outcome (Winther et al. 2019). Increased levels of 
TMAO in the bloodstream are also linked to both car-
diovascular disease events and mortality. TMAO can 
activate the NF-KB pathway in DKD patients, further 
aggravating the microinflammation in vivo and leading 
to DKD (Al-Obaide et  al. 2017). DKD patients exhib-
ited a higher concentration of TMAO in comparison 
to T2DM patients without kidney disease and healthy 
individuals, which was positively correlated with 
UACRs (Yang et al. 2022). In animal studies, DKD rats 
fed with TMAO showed more severe renal function 
decline and renal fibrosis. Further study has shown that 
TMAO can speed up kidney inflammation by activat-
ing the NLRP3 inflammasome and ultimately resulting 
in the discharge of IL-1β and IL-18 (Fang et al. 2021b).

The liver produces primary bile acids (BAs) which are 
later converted into secondary BAs by the gut microbi-
ome (Matsubara et  al. 2013). BAs regulates metabolism 
mainly by activating two primary receptors, namely the 
nuclear farnesoid X receptor (FXR) and the membrane-
bound Takeda G protein-coupled receptor 5 (TGR5) 
(Chiang and Ferrell 2019), which have been demonstrated 
to exert renoprotective effects in diabetes and obesity 
(Wang et  al. 2018). Ursodeoxycholic Acid (UDCA), one 
of the secondary BAs, has been discovered to alleviate 
renal dysfunction, podocyte apoptosis, and oxidative 
stress caused by renal ER stress in DKD rats (Cao et al. 
2016a, b). Administering Tauroursodeoxycholic acid 
(TUDCA) can attenuate glomerular and tubular damage 
in diabetic rats, which is partly mediated by inhibiting 
ER. (Marquardt et al. 2017; Zhang et al. 2016).
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PBUTs, including phenyl sulfate (PS), pcresyl sul-
fate (pCS), p-cresyl glucuronide (pCG) and indoxyl sul-
fate (IS), are generated by intestinal microorganism 
through the breakdown of aromatic amino acids and 
can’t be effectively eliminated by traditional hemodialy-
sis method due to their protein-binding properties. Both 
in  vitro and in  vivo studies, indoxyl sulfate exposure 
caused renal tubulointerstitial and vascular injury and 
decreased expression of podocyte characteristic markers. 
Further studie showed that the above injury was induced 
by IS through activating aryl-hydrocarbon receptor 
(AhR) (Ichii et al. 2014). In DKD patients and rats (Van 
Der Kloet et al. 2012; Atoh et al. 2009; Zhao et al. 2012), 
there is a strong correlation between elevated intrare-
nal IS levels and 24-h urinary protein levels, estimated 
glomerular filtration rate (eGFR), and tubulointerstitial 
injury index. Another research has shown that elevated 
pCS levels are linked to the advancement of DKD (Niew-
czas et al. 2014). It has recently been found that the high 
level of plasma PS can cause reduction of mitochondrial 
function in podocyte, foot process disappearance, glo-
merular basement membrane (GBM) thickening and 
perivascular fibrosis, and the plasma PS level is not only 

significantly correlated with proteinuria/creatinine and 
eGFR in diabetic patients, but also can predict the dete-
rioration of ACR in DKD patients in 2  years (Kikuchi 
et al. 2019). Therefore, PS can be used as a predictor for 
the risk of renal damage progression, a marker for early 
diagnosis, and a possible therapeutic target of DKD.

There is mounting evidence indicating that gut micro-
biota metabolites can serve as pathological and physi-
ological characteristics or biomarkers of DKD, but there 
is still much uncertainty regarding this issue at present. 
Firstly, more research is needed to elucidate the causal 
relationship between microbial metabolites and DKD. 
Secondly, further exploration of the targets and recep-
tors of these microbial metabolites in the human body is 
needed. Ultimately, we need to determine whether sup-
plementation of beneficial microbial metabolites can alle-
viate or delay the progression of DKD.

The interaction between gut microbial metabolites 
and mitochondria
Existing research has confirmed that there are some 
similarities in physiological characteristics and struc-
ture between gut microbiome and mitochondria, both 

Fig. 1  The interaction between metabolites produced by gut bacteria and mitochondria in chronic disease, as shown in this figure. With 
the imbalance of intestinal flora, the intestinal tract undergoes a number of structural and functional changes including leaky gut syndrome, 
increased intestinal permeability, dysfunction of intestinal barrier. Various microbial metabolites are released into the bloodstream. Many microbial 
metabolites were found to cause human diseases by affecting normal mitochondrial function. SCFAs short-chain fatty acids, TMAO trimethylamine 
N-oxide, IS indoxyl sulfate, PS  phenyl sulfate, AD Alzheimer’s disease, MS multiple sclerosis, PD Parkinson’s disease, CVD cardiovascular diseases, DKD 
diabetic kidney disease
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of which jointly regulate host metabolism and longev-
ity (Tomtheelnganbee et  al. 2022; Ghosh et  al. 2022). 
We hypothesize that there may be a potential cross-talk 
within the gut microbiome and the host mitochondria 
because existing studies have provided ample support-
ing evidence for this interaction mechanism. The origin 
of mitochondria can be traced back to methanogenic 
archaea in accordance with the prevailing endosymbiotic 
theory (Sagan 1967). Numerous studies have shown that 
rickettsia bacteria are ancestors of mitochondria. This 
origin theory indicates that mitochondria have similar 
biological properties with gut microbiota (Andersson 
et al. 1998; Fitzpatrick et al. 2006; Wang, and Wu 2015). 
Structurally and functionally, there are similarities as 
well. The inner membrane of mitochondria is similar to 
bacterial membrane, and the outer membrane is simi-
lar to eukaryotic biofilm. Mitochondrial DNA are simi-
lar to DNA from some bacteria (Wang, and Wu 2014). 
Mitochondria also share common autophagic systems as 
bacteria for membrane degradation (Degli Esposti et  al. 
2014). Recent research has started to uncover the inti-
mate connection between the gut microbiota and mito-
chondria in the pathophysiology of different diseases 
(Gruber, and Kennedy 2017), while the gut microbiome 
metabolites may be a key medium responsible for this 
cross-talk.

Short-chain fatty acids (SCFAs) have the ability to hin-
der the inflammatory response and promote the advan-
tageous outcomes of physical activity by stimulating 
important agents in mitochondrial biogenesis through 
transcriptional co-activators like peroxisome prolifera-
tor-activated receptor-γ coactivator-1α(PGC-1α), silent 
information regulator 1(SIRT1) and the enzyme AMPK 
(Clark, and Mach 2017). Butyrate can alter mitochon-
drial function, efficiency, and dynamics by improving 
respiratory capacity and fatty acid oxidation, activating 
the AMPK-acetyl-CoA carboxylase pathway, and pro-
moting inefficient metabolism (Mollica et al. 2017). In a 
lymphoblastoid cell line isolated from boys with autism 
spectrum disorders, butyrate has the ability to improve 
mitochondrial function during physiological stress and/
or mitochondrial dysfunction (Rose et al. 2018). PA levels 
in serum and stool are reduced in individuals with MS in 
comparison to controls. Positive outcomes were observed 
after three years of PA intake, such as a decrease in yearly 
relapse rate, stabilization of disability, and a reduction in 
brain atrophy, which were closely linked to the normal-
ized Treg cell mitochondrial function and morphology in 
MS patients (Duscha et al. 2020).

Videja et  al. showed that increased levels of TMAO 
can preserve fatty acid oxidation and reduce pyruvate 
metabolism, which can prevent monocrotaline-induced 
impairment of mitochondrial energy metabolism, 

despite the fact that high intake of TMAO and its pre-
cursor has been linked to worsening of atherosclerosis 
and CVD (Videja et  al. 2021). Indole-3-propionic acids 
(IPA), which is mainly produced by Clostridium sporo-
genes, was reported to affect mitochondrial respiration 
in cardiomyocytes in an experimental model of right 
ventricular heart failure (Gesper et al. 2021). UDCA was 
considered to be a new approach for Parkinson’s disease 
(PD) due to its ability to improve mitochondrial function 
and protect mitochondrial integrity (Abdelkader et  al. 
2016). The up-regulation of mitophagy by TUDCA in 
human neuroblastoma cells can prevent mitochondrial 
dysfunction and cell death, offering new perspectives for 
the prevention of neurodegenerative diseases (Fonseca 
et al. 2017). Delta-valerobetaine is an intestinal microbial 
metabolite that regulates the oxidation of mitochondrial 
fatty acids, which can result in increased lipid storage in 
adipose tissue and the liver, and further leading to obe-
sity and hepatic steatosis (Liu et al. 2021). Administration 
of Urolithin A (UroA), a major metabolite of ellagic acid 
produced by the gut microbiome, can improve obesity 
and insulin resistance by attenuating triglyceride accu-
mulation and elevating mitochondrial biogenesis in the 
liver (Toney et al. 2019). According to another research, 
UroA has the potential to trigger mitophagy, extend the 
lifespan of C. elegans, and enhance muscle performance 
in rodents (Ryu et  al. 2016). Herpes simplex virus type 
1 (HSV-1) can activate microglia by increasing mito-
chondrial damage through defective mitophagy, while 
the microbial metabolite NAMO can inhibit microglia 
activation and HSV-1 induced herpes simplex encepha-
litis (HSE) progress by restoring NAD+ dependent 
mitophagy (Li et  al. 2022, 2023). Trimethyl-5-amino-
valeric acid produced by gut microbiota can accelerate 
myocardial hypertrophy by altering mitochondrial ultra-
structure, inhibiting carnitine metabolism and reducing 
fatty acid oxidation (Zhao et al. 2022). A harmful metab-
olite N6 carboxymethyl lysine (an advanced glycosylation 
end product) from the gut can cross the intestinal bar-
rier and enter the body. It can damage microglia in the 
brain by increasing the reactive oxygen species (ROS), 
inhibiting mitochondrial activity and ATP accumula-
tion. This suggests that enhancing the intestinal barrier 
function can reduce the translocation of harmful intesti-
nal metabolites into the brain, which may be an effective 
means of promoting brain health in the elderly (Mossad 
et al. 2022). PS administration induces podocyte damage 
by decreasing mitochondrial basal respiration, ATP pro-
duction, H+ leaking and maximum respiration capacity, 
which contributes to albuminuria and the progression of 
DKD (Kikuchi et al. 2019).

To summarize, the interaction between intestinal 
microorganisms and mitochondria is fascinating and 
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associated with pathogenic state in different systemic 
diseases (Fig.  1). By targeting the dialogue between gut 
microbiota and mitochondria, a series of chronic diseases 
related to mitochondrial disorders and metabolic disor-
ders can be more precisely treated (Franco-Obregón and 
Gilbert 2017). Gut microbiota strengthens its association 
with mitochondria by regulating the production of ROS 
and mitochondrial activity through the release of metab-
olites, proteins, or toxins. Establishing a chemical com-
munication mode between bacteria and mitochondria is 
crucial for comprehending the intricate and ever-chang-
ing interactions between the environment, microbiome, 

and host, ultimately leading to a better understanding 
of their effects on health and diseases (Han et al. 2019). 
Such knowledge may allow clinician to treat mitochon-
drial and metabolic diseases by fine-tuning the quality 
and diversity of microbiota using treatment strategies 
such as probiotics administration, diet control or fecal 
transplantation. Such treatment strategy may avoid major 
research efforts required to demonstrate safety and effec-
tiveness associated with direct application of large num-
ber of microbiota metabolites and microbiota related 
factors.

Fig. 2  A potential biological function of the gut microbiota-microbial metabolites-mitochondria axis in the pathogenesis of DKD. In this 
hypothetical biological axis, with the deterioration of DM and digestion, degradation, and absorption of food by gut microbiota in the intestinal 
tract, the diversity and abundance of gut microbiota changed manifested by increased phylum Proteobacteria, Actinobacteria, Bacteroidetes 
and decreased phylum Firmicutes. Subsequently, various gut microbial metabolites are produced under the action of the gut microbiota 
and then released into the blood. These gut microbial metabolites, such as SCFAS, TMAO, PS and others, are transported to the kidney flowing 
the blood stream and interact with the mitochondria of kidney intrinsic cells. Metabolites of gut microbiota may lead to changes in mitochondrial 
function or disorder of mitochondrial quality control, thereby alleviating or accelerating the progression of DKD. SCFAs  short-chain fatty acids, 
TMAO trimethylamine N-oxide, IS indoxyl sulfate, PS  phenyl sulfate, Bas bile acids, K–W kimmelstiel–wilson, Scr serum creatinine, eGFR estimated 
glomerular filtration rate, ESRD end stage renal disease
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Mitochondrial damage in DKD
Multiple pathological mechanisms are involved in the 
pathogenesis of DKD, including abnormal RAS system, 
excessive ROS production, increased AGEs, microinflam-
mation, and oxidative stress. Nonetheless, an increas-
ing amount of proof suggests that DKD’s pathogenesis 
is significantly influenced by mitochondrial impairment 
(Saxena et al. 2019; Wei, and Szeto 2019). Mitochondrial 
damages mainly include abnormal mitochondrial biosyn-
thesis (Popov 2020), mitochondrial dynamic imbalance 
(Tur et al. 2020; Sabouny and Shutt 2020), mitochondrial 
dysfunction (Detmer and Chan 2007), and mitophagy 
disorder (Westermann 2010). The process of mitochon-
drial biosynthesis enables the nucleus and mitochondrial 
genome to work together closely in order to synthesize 
and replace damaged or dysfunctional mitochondria, 
which helps to maintain the stability of mitochondria and 
regulate their normal metabolic processes in cells (Wein-
berg 2011). Mitochondrial biosynthesis is regulated by 
PGC-1α, which plays a significant role in the develop-
ment of DKD by enhancing mitochondrial production, 
revitalizing mitochondrial membrane potential, elimi-
nating ROS, and preventing oxidative stress (Cai et  al. 
2016; Lu et  al. 2017; Pettersson-Klein et  al. 2018; Xue 
et al. 2019). Numerous researches indicate that the onset 
and progression of DKD (Guo et al. 2015; Lee et al. 2017, 
2021; Lynch et al. 2018) are characterized by significant 
reduction in mitochondrial biogenesis and decreased 
expression of PGC1α. In animal models of DKD (Yuan 
et  al. 2012), podocytes and mesangial cells can suffer 
damage due to decreased levels of PGC-1α and mito-
chondrial synthesis. However, some studies found that 
in a DKD mouse model, specific induction of podocyte 
overexpression of PGC1α failed to protect the kidney, 
instead causing podocyte damage and increasing uri-
nary protein (Li et al. 2017). To conclude, DKD’s patho-
genesis is directly related to mitochondrial biosynthetic 
dysfunction.

Mitochondrial dynamics refers to the fact that mito-
chondria are in the Dynamic equilibrium of fusion and 
fission. This dynamic change of mitochondria can be 
manifested in morphological heterogeneity, such as 
punctate, fragmented, strip or linear in the cytoplasm. 
Changes in the cellular environment can affect mito-
chondrial fusion and fission by triggering changes in 
the function or activity of mitochondrial fusion or fis-
sion related proteins. Mitochondrial fission is mainly 
mediated by dynamic related protein 1 (DRP1), mito-
chondrial fission protein 1 (Fis1) and mitochondrial fis-
sion factor (MFF). The fusion process is divided into 
the fusion of outer mitochondrial membrane (OMM) 
and inner mitochondrial membrane (IMM), which are 
respectively mediated by mitochondrial fusion protein 

(MFN) and optic atrophy protein 1 (OPA1). Knockout 
of Drp1 can significantly reduce mitochondrial fission, 
decrease albuminuria and improve podocyte morphol-
ogy, while the activation of Mfn1/2 can alleviate lesions 
of DKD (Audzeyenka et  al. 2022). In animal models of 
DKD, enhanced mitochondrial fission in several types 
of renal cells has been reported to result in diminished 
energy production and accumulation of ROS, which fur-
ther accelerate the progression of DKD (Sun et al. 2008; 
Ayanga et  al. 2016). Not only mitochondrial fission has 
been recognized as a significant morphological sign of 
renal injury in DKD in numerous studies, but also exces-
sive mitochondrial fusion participated in the pathogen-
esis of DKD (Kim and Lee 2021). Excessive fusion of 
mitochondria results in elongation and enlargement of 
mitochondria, leading to an increase in ROS production 
and a decrease in mitochondrial membrane potential 
(Woo et al. 2020; Yoon et al. 2006). In summary, imbal-
ance of mitochondrial dynamics are closely related to 
the tissue damage of DKD by affecting mitochondrial 
function.

Mitochondrial dysfunction is altered by the production 
of superfluous ROS, accumulation of damaged mtDNA, 
and gradual dysfunction of the respiratory chain. It is 
known that excessive ROS production induced by high 
glucose is the predominant initiating damage mecha-
nism in DKD (Lindblom et al. 2015). Overproduction of 
ROS may lead to oxidative stress and persistent harm to 
cellular constituents and glomerular podocyte, thereby 
leading to inflammation, interstitial fibrosis, and apop-
tosis in DKD (Fakhruddin et al. 2017; Badal, and Danesh 
2014). Evidence suggests that the progressive accumula-
tion of damaged mtDNA triggers an overproduction of 
ROS, subsequently causing mitochondrial dysfunction 
and subsequent DKD (Ježek et al. 2018). Simultaneously, 
mitochondrial damage leads to malfunction of the mito-
chondrial respiratory chain, leading to an inadequate 
intracellular ATP synthesis (Su et al. 2013), which further 
contributes to podocyte injury in DKD.

Under physiological conditions, cells can remove senes-
cent or damaged mitochondria through mitophagy to 
maintain intracellular homeostasis (Galluzzi et al. 2017). 
Mitophagy disorders have also been confirmed to be 
involved in the pathogenesis of DKD (Zhang et al. 2021). 
The marker proteins of autophagy such as LC3, PINK1, 
Parkin, and Beclin1 are decreased while P62 is increased 
in renal cells and DKD models (Feng et  al. 2018; Han 
et  al. 2021; Wen et  al. 2020; Sun et  al. 2019; Guo et  al. 
2020; Palikaras et  al. 2018). In kidney cells, the level of 
mitophagy in podocytes was higher compared tothat in 
renal tubular epithelial cells (Kitada et  al. 2016; Hartle-
ben et  al. 2010). Enhanced mtophagy activity was dem-
onstrated to have a renoprotective effect in rat models 
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of DKD (Tagawa et al. 2016; Yang et al. 2019b). Supple-
ment with MitoQ, a mitochondrial antioxidant, has been 
shown to protect from DKD by enhancing mitophagy 
levels (Xiao et al. 2017). Another study showed that inhi-
bition of mitophagy in renal intrinsic cells significantly 
increased the number of damaged mitochondria whereas 
some factors such as PGRN, FoxO1, BNIP3 and FBW7 
can alleviate renal inflammation and glomerular injury by 
activating the mTOR/Pink1/Parkin pathway to increase 
the level of mitophagy (Huang et al. 2016).

The gut microbiota‑microbial 
metabolites‑mitochondrial axis in DKD
In 2011, Meijers and Evenepoel (2011) first put forward 
the theory of the gut-kidney axis. Later, Pahl and Vaziri 
(2015) proposed the “chronic kidney disease-colon axis” 
proposing that there may be mutual influence and inter-
action between human intestinal flora disorder and CKD 
progression. However, as the central medium of the ‘the 
gut-kidney axis’, the specific mechanism of gut microbi-
ota between the intestine and the kidney is still unclear. 
There are still many unknown areas in the pathological 
process from intestinal flora disorder to chronic kidney 
damage that warrants further exploration. As previ-
ously summarized, although mitochondrial dysfunction 
and alteration of gut microbiota are both involved in 
the onset of DKD, it is not sure that whether the gut 
microbes send signals to host mitochondria to result in 
kidney damage.

More and more evidence have identified the criti-
cal function of microbial metabolites in the crosstalk of 
gut microbes and host mitochondria (Bajpai et al. 2018; 
Vezza et al. 2020). Therefore, based on the results of the 
current studies, we propose a potential biological axis 
including the gut microbiota-microbial metabolites-
mitochondria in the pathogenesis of DKD. Therefore, 
we propose a potential biological axis including the gut 
microbiota-microbial metabolites-mitochondria in 
the pathogenesis of DKD based on the current studies 
(Fig. 2). In this hypothetical biological axis, the diversity 
and abundance of gut microbiota occurred in DM stage. 
With the deterioration of DM and degradation, digestion 
and absorption of food by gut microbiota in the intesti-
nal tract, various gut microbial metabolites are produced 
under the action of the gut microbiota and then released 
into the blood. These gut microbial metabolites, such as 
SCFAS, TMAO, PS and others, are transported to the 
kidney flowing the blood stream and interact with the 
mitochondria of kidney intrinsic cells. Metabolites of gut 
microbiota may lead to changes in mitochondrial func-
tion or disorder of mitochondrial quality control, thereby 
alleviating or accelerating the progression of DKD. The 

emerging knowledge of the gut microbiota-microbial 
metabolites-mitochondrial axis may be of great impor-
tance to find new therapeutic options for DKD.

Therapeutic strategies and future perspectives
The etiology of DKD involves multiple factors and 
pathways. In this review, we highlighted the potential 
mechanism of gut microbiota-microbial metabolites-
mitochondrial axis in progression of DKD. As of yet, 
some therapeutic strategies including administration 
of probiotics, dietary intervention, and drugs have been 
used to delay acceleration of DKD. In the future, we 
should continue to explore the potential treatment for 
DKD based on the gut microbiota-microbial metabolites-
mitochondrial axis.

Probiotics primarily aid in decreasing inflammation 
and oxidative stress, as well as slowing down the decline 
of kidney function in individuals with DKD (Vlachou 
et  al. 2020). Several research studies have shown that 
probiotics can maintain intestinal permeability and 
enhance the integrity of cytoskeleton and tight junction 
proteins (Guo et  al. 2017; Resta-Lenert 2003). He et  al. 
reported that adding probiotics to the diet can improve 
the levels of blood glucose, lipids, and renal function in 
individuals with DKD by increasing the beneficial bacte-
ria and reducing the bacteria released entheogenic endo-
toxins (He and Shi 2017). Taking soy milk containing 
Lactiplantibacillus plantarum A7 can significantly reduce 
Albuminuria, serum creatinine, IL-18 and Sialic acid 
in type 2 DKD patients (Abbasi et  al. 2017). Jiang et  al. 
illustrated that supplementation of probiotics (including 
bifidobacteria, Lactobacillus acidophilus, Streptococcus 
thermophilus) exerted beneficial effects on balancing the 
gut microbiota, reducing blood sugar and mAlb/Cr in 
DKD patients (Jiang et al. 2021). A systematic evaluation 
and meta-analysis revealed that probiotics can improve 
renal function, glucose and lipid metabolism disorders, 
oxidative stress and inflammation in DKD patients. This 
benefit is related to the intervention time, dosage, and 
consumption mode of probiotics (Dai et al. 2022).

Dietary fiber has been proved to modulate intestinal 
microbiota by promoting the enrichment of Prevotella 
and Bifidobacterium, which can produce SCFAs. In addi-
tion, dietary fiber can reduce not only the expression of 
profibrotic proteins but also genes encoding inflamma-
tory cytokines and chemokines in diabetic kidneys (Li 
et  al. 2020b). A potential non-pharmacological thera-
peutic strategy for DKD was fecal microbiota transplan-
tation (FMT), which can modulate the gut microbiota 
through transplanting fecal bacteria obtained from fecal 
donors. Bastos et  al. assessed the advantages of FMT 
on functional and morphological parameters in BTBR 
ob/ob  mice, which mimic the pathogenesis of DKD in 
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humans. The authors found that FMT inhibited body 
weight gain, decreased albuminuria and the levels of 
TNF-α in ileum and ascending colon (Bastos et al. 2022). 
Hu et al. (2020) proved that FMT could effectively reduce 
serum glycolic acid level in DN model rats and reduce 
cholesterol homeostasis disorder mediated by GPR43 
activation, thereby diminishing renal tubulointerstitial 
damage and protecting the kidney.

Mitochondrial impairment has already been described 
in the process of DKD, thus, preventing mitochondrial 
damage and improving mitochondrial dysfunction could 
be a promising therapeutic approach for DKD. In fact, 
some studies have already demonstrated the feasibil-
ity of mitochondrial-targeted treatment for DKD. It has 
been reported that metformin can mitigate renal oxida-
tive stress and tubulointerstitial fibrosis in DKD mice by 
enhancing the level of mitophagy through Pink1/Parkin 
pathway (Han et  al. 2021). Ipragliflozin preserved renal 
tubular cells from  high glucose or palmitate by up-reg-
ulating Mfn2 and OPA1, which are critical membrane 
GTPases for regulating mitochondrial biogenesis (Takagi 
et al. 2018). Empagliflozin, another SGLT2 inhibitor, has 
the ability to safeguard human renal proximal tubular 
cells against high-glucose damage by enhancing mito-
chondrial biogenesis, balancing fusion-fission protein, 
and triggering autophagy (Lee et al. 2019). Mitochondria-
targeted antioxidant peptide SS-31can attenuate renal 
structural damages in DKD rat model and inhibit the 
production of ROS and mesangial cells apoptosis stimu-
lated by high-glucose (Hou et al. 2016). Likewise, another 
study demonstrated that peptide SS31 can also alleviate 
renal tubulointerstitial injury through reducing frag-
mentation of mitochondria via inhibiting Drp1 and acti-
vating Mfn1 no matter in vivo and in vitro experiments 
(Yang et al. 2019a). Imeglimin, a new hypoglycemic drug 
targeting mitochondrial bioenergetics, was reported to 
enhance glucose tolerance and insulin sensitivity by pro-
tecting mitochondrial function against oxidative stress. 
Additionally, it can prevent the death of human endothe-
lial cells caused by hyperglycemia through inhibiting the 
opening of permeability transition pores (PTP). There-
fore, Imeglimin maybe a potential drug for treatment of 
microvascular complications in diabetic individuals (Vial 
et  al. 2015; Detaille et  al. 2016). Although many stud-
ies have confirmed that targeted mitochondrial therapy 
may delay the progress of DKD, they are all focused on 
animals and cells. In the future, more clinical studies are 
needed to clarify the prospect and effectiveness of mito-
chondria-targeted drugs for DKD.

As previously stated, the gut microbiota-microbial 
metabolites-mitochondrial axis is significant in the 
development of DKD, thereby, we propose a potential 
treatment approach based on the presence of such axis 

for DKD. SCFAs have been demonstrated to induce 
mitochondria genesis by activating AMP kinase (Cerdá 
et  al. 2016). Acetate can be used as energy source by 
mitochondria (Lumeng and Davis 1973) and butyrate 
can stimulate mitochondrial biogenesis by inhibiting 
histone deacetylase (Galmozzi et  al. 2013). Urolithin A 
was proved to enhance the oxidation capacity and mito-
chondrial function of skeletal muscle (Ryu et  al. 2016). 
Therefore, the gut microbiota-microbial metabolites-
mitochondrial axis may represent a promising perspec-
tive for exploring novel treatment for DKD. However, 
it is regrettable that no specific targeted drug has been 
found in clinical research that can regulate this axis. Sup-
plementation of selected probiotics such as lactobacillus 
plantarum can increase the level of SCFA in colon (Molin 
2001), which may exert potent effects in treatment for 
DKD by communicating with mitochondria. Whether we 
can infer that the benefits of dietary fiber, probiotics and 
prebiotics for treating DKD are related with intervening 
the gut microbiota-microbial metabolites-mitochondrial 
axis. In the future, more studies need to be implement to 
explore the specific mechanism of gut microbiota-micro-
bial metabolites-mitochondrial axis in progression of 
DKD and application to new therapeutic strategies based 
on this axis.

Conclusion
Although we have made a lot of efforts to explore the 
pathogenesis of DKD, we must be clear that we still lack 
effective treatment strategies to delay the continuous 
deterioration DKD. Thus it is necessary and urgent to 
find the new promising treatment schedule for DKD. 
With the development of metabonomics and metagen-
omics technology, the studies related to the gut-kidney 
axis have  initiated a new promising perspective for 
exploring potential intervention strategies for DKD. 
Increasing evidence has demonstrated that mitochon-
drial dysfunction and alteration of gut microbiota and 
are both involved in the development of DKD. Micro-
bial metabolites are supposed to be an important 
‘bridge’ between gut microbiota and mitochondria in 
DKD. This article focused on the potential mechanism 
of gut microbiota-microbial metabolites-mitochon-
drial axis in progression of DKD. However, there are 
still some fundamental issues concerning the function 
of this biological axis in DKD unsolved so far. Firstly, 
which specific gut bacterium or microbial metabolites 
can specifically regulate mitochondrial function. Sec-
ondly, whether supplementation of different probiot-
ics, prebiotics or microbial metabolites can slow down 
the advancement of DKD by alleviating mitochondrial 
damages. Finally, the target and molecular mecha-
nism of microbial metabolites to improve or damage 
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mitochondria are still unclear. Considering these ques-
tions, we anticipate more fundamental and clinical 
studies will be done to clarify the mechanism of gut 
microbiota-microbial metabolites-mitochondrial axis 
in DKD, which would shed great light on improving or 
delaying deterioration of DKD.

Abbreviations
DKD	� Diabetic kidney disease
ESRD	� End-stage renal disease
DM	� Diabetes mellitus
SGLT2	� Sodium Glucose Cotransporter 2
CKD	� Chronic kidney disease
ATP	� Adenosine triphosphate
ROS	� Reactive oxygen species
SCFA	� Short-chain fatty acids
LPS	� Lipopolysaccharides
H2S	� Hydrogen sulfide
GF	� Germ-free
IL-6	� Interleukin-6
UACRs	� Urinary albumin/urine creatinine ratios
GPR43	� G-protein-coupled receptor 43
NF-κB	� Nuclear factor kappa B
GPR109A	� G-protein-coupled receptor 109A
TGF-β	� Transforming growth factor-β
NaB	� Sodium butyrate
HDAC	� Histone deacetylase
NRF2	� Nuclear factor erythroid 2-related factor 2
NRK-52E	� Normal rat kidney tubular epithelial cells
GMCs	� Glomerular mesangial cells
ICAM-1	� Intercellular cell adhesion molecule-1
MCP-1	� Monocyte chemotactic protein-1
IL-1β	� Interleukin-1 β
TMAO	� Trimethylamine N-oxide
NLRP3	� Nucleotide-binding domain, leucine-rich-containing family, pyrin 

domain-containing-3 inflammasome
IL-18	� Interleukin-18
FXR	� Farnesoid X receptor
TGR5	� G-protein-coupled BA receptor 1
UDCA	� Ursodeoxycholic acid
TUDCA	� Tauroursodeoxycholic acid
eNOS	� Endothelial nitric oxide synthase
SOCS3	� Suppressor of cytokine signaling 3
DDAH1	� Dimethylarginine dimethylaminohydrolase 1
IS	� Indoxyl sulfate
AhR	� Aryl-hydrocarbon receptor
PS	� Phenyl sulfate;
pCG	� p-Cresyl glucuronide
PBUTs	� Protein-bound uremic toxins
BCAAs	� Branched-chain amino acids
eGFR	� Estimated glomerular filtration rate
AD	� Alzheimer’s disease
MS	� Multiple sclerosis
PD	� Parkinson’s disease
CVD	� Cardiovascular diseases
K–W	� Kimmelstiel–Wilson
HSV-1	� Herpes simplex virus type 1
SIRT1	� Silent information regulator 1
PGC-1α	� Peroxisome proliferator-activated receptor-γ coactivator-1α
DRP1	� Dynamic related protein 1
Fis1	� Mitochondrial fission protein 1
MFF	� Mitochondrial fission factor
OMM	� Outer mitochondrial membrane
IMM	� Inner mitochondrial membrane
MFN	� Mitochondrial fusion protein
OPA1	� Optic atrophy protein 1

Acknowledgements
Not applicable.

Author contributions
LM and LZ are responsible for writing the manuscript and drawing the figures. 
JL, XZ, YX and XL jointly participated in the literature search. BY provided 
critical intellectual contributions. HY guided this study and made critical revi-
sions. All authors have contributed to this article and approved the submitted 
version.

Funding
The National Natural Science Foundation of China (No. 82004316) provided 
funding for this research.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and participatory consent
Not applicable.

Consent to publication
Not applicable.

Competing interests
All the authors declare that they have no competing interests.

Received: 24 July 2023   Accepted: 19 October 2023

References
Abbasi B, Ghiasvand R, Mirlohi M. Kidney function improvement by soy milk 

containing Lactobacillus plantarum A7 in type 2 diabetic patients with 
nephropathy: a double-blinded randomized controlled trial. Iran J 
Kidney Dis. 2017;11:36–43.

Abdelkader NF, Safar MM, Salem HA. Ursodeoxycholic acid ameliorates apop-
totic cascade in the rotenone model of Parkinson’s disease: modulation 
of mitochondrial perturbations. Mol Neurobiol. 2016;53:810–7.

Afkarian M, Sachs MC, Kestenbaum B, Hirsch IB, Tuttle KR, Himmelfarb J, et al. 
Kidney disease and increased mortality risk in type 2 diabetes. J Am Soc 
Nephrol. 2013;24:302–8.

Alam C, Bittoun E, Bhagwat D, Valkonen S, Saari A, Jaakkola U, et al. Effects 
of a germ-free environment on gut immune regulation and diabe-
tes progression in non-obese diabetic (NOD) mice. Diabetologia. 
2011;54:1398–406.

Al-Obaide M, Singh R, Datta P, Rewers-Felkins K, Salguero M, Al-Obaidi I, et al. 
Gut microbiota-dependent trimethylamine-N-oxide and serum bio-
markers in patients with T2DM and advanced CKD. JCM. 2017;6:86.

Andersson SGE, Zomorodipour A, Andersson JO, Sicheritz-Pontén T, Alsmark 
UCM, Podowski RM, et al. The genome sequence of Rickettsia prowazekii 
and the origin of mitochondria. Nature. 1998;396:133–40.

Atoh K, Itoh H, Haneda M. Serum indoxyl sulfate levels in patients with dia-
betic nephropathy: relation to renal function. Diabetes Res Clin Pract. 
2009;83:220–6.

Audzeyenka I, Bierżyńska A, Lay AC. Podocyte bioenergetics in the develop-
ment of diabetic nephropathy: the role of mitochondria. Endocrinol-
ogy. 2022;163:234.

Ayanga BA, Badal SS, Wang Y, Galvan DL, Chang BH, Schumacker PT, et al. 
Dynamin-related protein 1 deficiency improves mitochondrial fitness 
and protects against progression of diabetic nephropathy. JASN. 
2016;27:2733–47.

Badal SS, Danesh FR. New insights into molecular mechanisms of diabetic 
kidney disease. Am J Kidney Dis. 2014;63:S63–83.

Bajpai P, Darra A, Agrawal A. Microbe-mitochondrion crosstalk and health: an 
emerging paradigm. Mitochondrion. 2018;39:20–5.



Page 14 of 17Ma et al. Molecular Medicine          (2023) 29:148 

Bastos RMC, Simplício-Filho A, Sávio-Silva C, Oliveira LFV, Cruz GNF, Sousa EH, 
et al. Fecal microbiota transplant in a pre-clinical model of type 2 diabe-
tes mellitus. Obes Diabetic Kidney Dis IJMS. 2022;23:3842.

Bhargava P, Schnellmann RG. Mitochondrial energetics in the kidney. Nat Rev 
Nephrol. 2017;13:629–46.

Brinkkoetter PT, Bork T, Salou S, Liang W, Mizi A, Özel C, et al. Anaerobic glyco-
lysis maintains the glomerular filtration barrier independent of mito-
chondrial metabolism and dynamics. Cell Rep. 2019;27:1551-1566.e5.

Brown CT, Davis-Richardson AG, Giongo A, Gano KA, Crabb DB, Mukherjee N, 
et al. Gut microbiome metagenomics analysis suggests a functional 
model for the development of autoimmunity for type 1 diabetes. PLoS 
ONE. 2011;6: e25792.

Brown K, Godovannyi A, Ma C, Zhang Y, Ahmadi-Vand Z, Dai C, et al. Prolonged 
antibiotic treatment induces a diabetogenic intestinal microbiome that 
accelerates diabetes in NOD mice. ISME J. 2016;10:321–32.

Cai X, Bao L, Ren J, Li Y, Zhang Z. Grape seed procyanidin B2 protects 
podocytes from high glucose-induced mitochondrial dysfunction 
and apoptosis via the AMPK-SIRT1-PGC-1α axis in vitro. Food Funct. 
2016;7:805–15.

Candela M, Biagi E, Soverini M, Consolandi C, Quercia S, Severgnini M, et al. 
Modulation of gut microbiota dysbioses in type 2 diabetic patients by 
macrobiotic Ma-Pi 2 diet. Br J Nutr. 2016;116:80–93.

Cao A, Wang L, Chen X, Guo H, Chu S, Zhang X, et al. Ursodeoxycholic acid 
ameliorated diabetic nephropathy by attenuating hyperglycemia-
mediated oxidative stress. Biol Pharm Bull. 2016a;39:1300–8.

Cao A-L, Wang L, Chen X, Wang Y-M, Guo H-J, Chu S, et al. Ursodeoxycholic 
acid and 4-phenylbutyrate prevent endoplasmic reticulum stress-
induced podocyte apoptosis in diabetic nephropathy. Lab Invest. 
2016b;96:610–22.

Cerdá B, Pérez M, Pérez-Santiago JD, Tornero-Aguilera JF, González-Soltero R, 
Larrosa M. Gut microbiota modification: another piece in the puzzle of 
the benefits of physical exercise in health? Front Physiol. 2016;7:51.

Chiang JYL, Ferrell JM. Bile acids as metabolic regulators and nutrient sensors. 
Annu Rev Nutr. 2019;39:175–200.

Clark A, Mach N. The crosstalk between the gut microbiota and mitochondria 
during exercise. Front Physiol. 2017;8:319.

Collins AJ, Foley RN, Herzog C, Chavers B, Gilbertson D, Ishani A, et al. US renal 
data system 2010 annual data report. Am J Kidney Dis. 2011;57:A8.

Dai Y, Quan J, Xiong L, Luo Y, Yi B. Probiotics improve renal function, glucose, 
lipids, inflammation and oxidative stress in diabetic kidney disease: a 
systematic review and meta-analysis. Ren Fail. 2022;44:862–80.

Davis-Richardson AG, Ardissone AN, Dias R, Simell V, Leonard MT, Kemp-
painen KM, et al. Bacteroides dorei dominates gut microbiome prior to 
autoimmunity in Finnish children at high risk for type 1 diabetes. Front 
Microbiol. 2014;5:678.

De Goffau MC, Luopajärvi K, Knip M, Ilonen J, Ruohtula T, Härkönen T, et al. 
Fecal microbiota composition differs between children with β-cell 
autoimmunity and those without. Diabetes. 2013;62:1238–44.

Degli Esposti M, Chouaia B, Comandatore F, Crotti E, Sassera D, Lievens 
PMJ, et al. Evolution of mitochondria reconstructed from the energy 
metabolism of living bacteria. PLoS ONE. 2014;9: e96566.

Demirci M, Bahar Tokman H, Taner Z, Keskin FE, Çağatay P, Ozturk Bakar Y, 
et al. Bacteroidetes and Firmicutes levels in gut microbiota and effects 
of hosts TLR2/TLR4 gene expression levels in adult type 1 diabetes 
patients in Istanbul, Turkey. J Diabetes Comp. 2020;34: 107449.

Detaille D, Vial G, Borel A-L, Cottet-Rouselle C, Hallakou-Bozec S, Bolze S, 
et al. Imeglimin prevents human endothelial cell death by inhibiting 
mitochondrial permeability transition without inhibiting mitochondrial 
respiration. Cell Death Discov. 2016;2:15072.

Detmer SA, Chan DC. Functions and dysfunctions of mitochondrial dynamics. 
Nat Rev Mol Cell Biol. 2007;8:870–9.

Dong W, Jia Y, Liu X, Zhang H, Li T, Huang W, et al. Sodium butyrate activates 
NRF2 to ameliorate diabetic nephropathy possibly via inhibition of 
HDAC. J Endocrinol. 2017;232:71–83.

Du Y, Tang G, Yuan W. Suppression of HDAC2 by sodium butyrate alleviates 
apoptosis of kidney cells in db/db mice and HG-induced NRK-52E cells. 
Int J Mol Med. 2020;45(1):210–22.

Du X, Liu J, Xue Y, Kong X, Lv C, Li Z, et al. Alteration of gut microbial profile in 
patients with diabetic nephropathy. Endocrine. 2021;73:71–84.

Duscha A, Gisevius B, Hirschberg S, Yissachar N, Stangl GI, Dawin E, et al. Propi-
onic acid shapes the multiple sclerosis disease course by an immu-
nomodulatory mechanism. Cell. 2020;180:1067-1080.e16.

Fakhruddin S, Alanazi W, Jackson KE. Diabetes-induced reactive oxygen spe-
cies: mechanism of their generation and role in renal injury. J Diabetes 
Res. 2017;2017:1–30.

Fang Q, Liu N, Zheng B, Guo F, Zeng X, Huang X, et al. Roles of gut microbial 
metabolites in diabetic kidney disease. Front Endocrinol. 2021a;12: 
636175.

Fang Q, Zheng B, Liu N, Liu J, Liu W, Huang X, et al. Trimethylamine N-oxide 
exacerbates renal inflammation and fibrosis in rats with diabetic kidney 
disease. Front Physiol. 2021b;12: 682482.

Feng J, Lu C, Dai Q, Sheng J, Xu M. SIRT3 facilitates amniotic fluid stem cells 
to repair diabetic nephropathy through protecting mitochondrial 
homeostasis by modulation of mitophagy. Cell Physiol Biochem. 
2018;46:1508–24.

Fernandes R, Viana SD, Nunes S, Reis F. Diabetic gut microbiota dysbiosis as an 
inflammaging and immunosenescence condition that fosters progres-
sion of retinopathy and nephropathy. Biochim Et Biophys Acta BBA Mol 
Basis Dis. 2019;1865:1876–97.

Fitzpatrick DA, Creevey CJ, McInerney JO. Genome phylogenies indicate a 
meaningful α-proteobacterial phylogeny and support a grouping of 
the mitochondria with the rickettsiales. Mol Biol Evol. 2006;23:74–85.

Fonseca I, Gordino G, Moreira S, Nunes MJ, Azevedo C, Gama MJ, et al. Tauro-
ursodeoxycholic acid protects against mitochondrial dysfunction and 
cell death via mitophagy in human neuroblastoma cells. Mol Neurobiol. 
2017;54:6107–19.

Franco-Obregón A, Gilbert JA. The microbiome-mitochondrion connection: 
common ancestries, common mechanisms. Common Goals Msystems. 
2017;2:e00018-e117.

Furusawa Y, Obata Y, Fukuda S, Endo TA, Nakato G, Takahashi D, et al. Com-
mensal microbe-derived butyrate induces the differentiation of colonic 
regulatory T cells. Nature. 2013;504:446–50.

Galluzzi L, Baehrecke EH, Ballabio A, Boya P, Bravo-San Pedro JM, Cecconi F, 
et al. Molecular definitions of autophagy and related processes. EMBO 
J. 2017;36:1811–36.

Galmozzi A, Mitro N, Ferrari A, Gers E, Gilardi F, Godio C, et al. Inhibition of class 
I histone deacetylases unveils a mitochondrial signature and enhances 
oxidative metabolism in skeletal muscle and adipose tissue. Diabetes. 
2013;62:732–42.

Galvan DL, Green NH, Danesh FR. The hallmarks of mitochondrial dysfunction 
in chronic kidney disease. Kidney Int. 2017;92:1051–7.

Galvan DL, Mise K, Danesh FR. Mitochondrial regulation of diabetic kidney 
disease. Front Med. 2021;8: 745279.

Garofalo C, Borrelli S, Liberti M, Andreucci M, Conte G, Minutolo R, et al. 
SGLT2 inhibitors: nephroprotective efficacy and side effects. Medicina. 
2019;55:268.

Gesper M, Nonnast ABH, Kumowski N, Stoehr R, Schuett K, Marx N, et al. Gut-
derived metabolite indole-3-propionic acid modulates mitochondrial 
function in cardiomyocytes and alters cardiac function. Front Med. 
2021;8: 648259.

Ghosh TS, Shanahan F, O’Toole PW. The gut microbiome as a modulator of 
healthy ageing. Nat Rev Gastroenterol Hepatol. 2022;19:565–84.

Gilbert RE. Proximal tubulopathy: prime mover and key therapeutic target in 
diabetic kidney disease. Diabetes. 2017;66:791–800.

Giongo A, Gano KA, Crabb DB, Mukherjee N, Novelo LL, Casella G, et al. Toward 
defining the autoimmune microbiome for type 1 diabetes. ISME J. 
2011;5:82–91.

Gruber J, Kennedy BK. Microbiome and longevity: gut microbes send signals 
to host mitochondria. Cell. 2017;169:1168–9.

Guo K, Lu J, Huang Y, Wu M, Zhang L, Yu H, et al. Protective role of PGC-1α in 
diabetic nephropathy is associated with the inhibition of ros through 
mitochondrial dynamic remodeling. PLoS ONE. 2015;10: e0125176.

Guo S, Gillingham T, Guo Y, Meng D, Zhu W, Walker WA, et al. Secretions of 
Bifidobacterium infantis and Lactobacillus acidophilus protect intestinal 
epithelial barrier function. J Pediatr Gastroenterol Nutr. 2017;64:404–12.

Guo F, Wang W, Song Y, Wu L, Wang J, Zhao Y, et al. LncRNA SNHG17 knock-
down promotes Parkin-dependent mitophagy and reduces apoptosis 
of podocytes through Mst1. Cell Cycle. 2020;19:1997–2006.

Han B, Lin CJ, Hu G, Wang MC. ‘Inside Out’—a dialogue between mitochondria 
and bacteria. FEBS J. 2019;286:630–41.



Page 15 of 17Ma et al. Molecular Medicine          (2023) 29:148 	

Han Y, Tang S, Liu Y, Li A, Zhan M, Yang M, et al. AMPK agonist alleviate renal 
tubulointerstitial fibrosis via activating mitophagy in high fat and strep-
tozotocin induced diabetic mice. Cell Death Dis. 2021;12:925.

Hartleben B, Gödel M, Meyer-Schwesinger C, Liu S, Ulrich T, Köbler S, et al. 
Autophagy influences glomerular disease susceptibility and maintains 
podocyte homeostasis in aging mice. J Clin Invest. 2010;120:1084–96.

He M, Shi B. Gut microbiota as a potential target of metabolic syndrome: the 
role of probiotics and prebiotics. Cell Biosci. 2017;7:54.

He X, Sun J, Liu C, Yu X, Li H, Zhang W, et al. Compositional alterations of gut 
microbiota in patients with diabetic kidney disease and type 2 diabetes 
mellitus. DMSO. 2022;15:755–65.

Heerspink HJL, Stefánsson BV, Correa-Rotter R, Chertow GM, Greene T, Hou 
F-F, et al. Dapagliflozin in patients with chronic kidney disease. N Engl J 
Med. 2020;383:1436–46.

Higuchi BS, Rodrigues N, Gonzaga MI, Paiolo JCC, Stefanutto N, Omori WP, 
et al. Intestinal dysbiosis in autoimmune diabetes is correlated with 
poor glycemic control and increased interleukin-6: a pilot study. Front 
Immunol. 2018;9:1689.

Hoshino J, Mise K, Ueno T, Imafuku A, Kawada M, Sumida K, et al. A pathologi-
cal scoring system to predict renal outcome in diabetic nephropathy. 
Am J Nephrol. 2015;41:337–44.

Hostetter TH. Prevention of end-stage renal disease due to type 2 diabetes. N 
Engl J Med. 2001;345:910–2.

Hou Y, Li S, Wu M, Wei J, Ren Y, Du C, et al. Mitochondria-targeted peptide 
SS-31 attenuates renal injury via an antioxidant effect in diabetic 
nephropathy. Am J Physiol Renal Physiol. 2016;310:F547–59.

Hu ZB, Lu J, Chen PP, Lu CC, Zhang JX, Li XQ, et al. Dysbiosis of intestinal micro-
biota mediates tubulointerstitial injury in diabetic nephropathy via the 
disruption of cholesterol homeostasis. Theranostics. 2020;10:2803–16.

Huang C, Zhang Y, Kelly DJ, Tan CYR, Gill A, Cheng D, et al. Thioredoxin interact-
ing protein (TXNIP) regulates tubular autophagy and mitophagy in 
diabetic nephropathy through the mTOR signaling pathway. Sci Rep. 
2016;6:29196.

Huang W, Guo H-L, Deng X, Zhu T-T, Xiong J-F, Xu Y-H, et al. Short-chain fatty 
acids inhibit oxidative stress and inflammation in mesangial cells 
induced by high glucose and lipopolysaccharide. Exp Clin Endocrinol 
Diabetes. 2017a;125:98–105.

Huang W, Zhou L, Guo H, Xu Y, Xu Y. The role of short-chain fatty acids in kid-
ney injury induced by gut-derived inflammatory response. Metabolism. 
2017b;68:20–30.

Huang Y, Li S-C, Hu J, Ruan H-B, Guo H-M, Zhang H-H, et al. Gut microbiota 
profiling in Han Chinese with type 1 diabetes. Diabetes Res Clin Pract. 
2018;141:256–63.

Huang W, Man Y, Gao C, Zhou L, Gu J, Xu H, et al. Short-chain fatty acids ame-
liorate diabetic nephropathy via gpr43-mediated inhibition of oxidative 
Stress and NF-κB signaling. Oxid Med Cell Longev. 2020;2020:1–21.

Ichii O, Otsuka-Kanazawa S, Nakamura T, Ueno M, Kon Y, Chen W, et al. Podo-
cyte injury caused by indoxyl sulfate, a uremic toxin and aryl-hydrocar-
bon receptor ligand. PLoS ONE. 2014;9: e108448.

Inoue R, Ohue-Kitano R, Tsukahara T, Tanaka M, Masuda S, Inoue T, et al. 
Prediction of functional profiles of gut microbiota from 16S rRNA 
metagenomic data provides a more robust evaluation of gut dysbiosis 
occurring in Japanese type 2 diabetic patients. J Clin Biochem Nutr. 
2017;61:217–21.

Jaworska K, Kopacz W, Koper M, Szudzik M, Gawryś-Kopczyńska M, Konop M, 
et al. Enalapril diminishes the diabetes-induced changes in intestinal 
morphology, intestinal RAS and blood SCFA concentration in rats. Int J 
Mol Sci. 2022;23:6060.

Ježek J, Cooper K, Strich R. Reactive oxygen species and mitochondrial dynam-
ics: the Yin and Yang of mitochondrial dysfunction and cancer progres-
sion. Antioxidants. 2018;7:13.

Jiang H, Zhang Y, Xu D, Wang Q. Probiotics ameliorates glycemic control of 
patients with diabetic nephropathy: a randomized clinical study. J Clin 
Lab Anal. 2021;35: e23650.

Khan S, Jena G. Sodium butyrate, a HDAC inhibitor ameliorates eNOS, iNOS 
and TGF-β1-induced fibrogenesis, apoptosis and DNA damage in the 
kidney of juvenile diabetic rats. Food Chem Toxicol. 2014;73:127–39.

Kikuchi K, Saigusa D, Kanemitsu Y, Matsumoto Y, Thanai P, Suzuki N, et al. Gut 
microbiome-derived phenyl sulfate contributes to albuminuria in 
diabetic kidney disease. Nat Commun. 2019;10:1835.

Kim K, Lee E-Y. Excessively enlarged mitochondria in the kidneys of diabetic 
nephropathy. Antioxidants. 2021;10:741.

Kitada M, Ogura Y, Suzuki T, Sen S, Lee SM, Kanasaki K, et al. A very-low-protein 
diet ameliorates advanced diabetic nephropathy through autophagy 
induction by suppression of the mTORC1 pathway in Wistar fatty 
rats, an animal model of type 2 diabetes and obesity. Diabetologia. 
2016;59:1307–17.

Knip M, Siljander H. The role of the intestinal microbiota in type 1 diabetes 
mellitus. Nat Rev Endocrinol. 2016;12:154–67.

Koppe L, Fouque D, Soulage CO. Metabolic abnormalities in diabetes and 
kidney disease: role of uremic toxins. Curr Diab Rep. 2018;18:97.

Kostic AD, Gevers D, Siljander H, Vatanen T, Hyötyläinen T, Hämäläinen A-M, 
et al. The dynamics of the human infant gut microbiome in develop-
ment and in progression toward type 1 diabetes. Cell Host Microbe. 
2015;17:260–73.

Lee YK, Menezes JS, Umesaki Y, Mazmanian SK. Proinflammatory T-cell 
responses to gut microbiota promote experimental autoimmune 
encephalomyelitis. Proc Natl Acad Sci USA. 2011;108:4615–22.

Lee S-Y, Kang JM, Kim D-J, Park SH, Jeong HY, Lee YH, et al. PGC1 α activators 
mitigate diabetic tubulopathy by improving mitochondrial dynamics 
and quality control. J Diabetes Res. 2017;2017:1–15.

Lee YH, Kim SH, Kang JM, Heo JH, Kim D-J, Park SH, et al. Empagliflozin attenu-
ates diabetic tubulopathy by improving mitochondrial fragmentation 
and autophagy. Am J Physiol Renal Physiol. 2019;317:F767–80.

Lee J, Tsogbadrakh B, Yang S, Ryu H, Kang E, Kang M, et al. Klotho ameliorates 
diabetic nephropathy via LKB1-AMPK-PGC1α-mediated renal mito-
chondrial protection. Biochem Biophys Res Commun. 2021;534:1040–6.

Leslie BR, Gerwin LE. Canagliflozin and renal outcomes in diabetic nephropa-
thy. N Engl J Med. 2019;381(11):1087–1088.

Levy M, Thaiss CA, Elinav E. Metabolites: messengers between the microbiota 
and the immune system. Genes Dev. 2016;30:1589–97.

Li S-Y, Park J, Qiu C, Han SH, Palmer MB, Arany Z, et al. Increasing the level of 
peroxisome proliferator-activated receptor γ coactivator-1α in podo-
cytes results in collapsing glomerulopathy. JCI Insight. 2017;2: e92930.

Li L-Z, Tao S-B, Ma L, Fu P. Roles of short-chain fatty acids in kidney diseases. 
Chin Med J. 2019;132:1228–32.

Li Y, Su X, Gao Y, Lv Y, Gao Z, Liu Y, et al. The potential role of the gut microbiota 
in modulating renal function in experimental diabetic nephropathy 
murine models established in same environment. Biochim Et Biophys 
Acta BBA Mol Basis Dis. 2020a;1866: 165767.

Li YJ, Chen X, Kwan TK, Loh YW, Singer J, Liu Y, et al. Dietary fiber protects 
against diabetic nephropathy through short-chain fatty acid-mediated 
activation of G protein-coupled receptors GPR43 and GPR109A. JASN. 
2020;31:1267–81.

Li L, Wei T, Liu S, Wang C, Zhao M, Feng Y, et al. Complement C5 activation 
promotes type 2 diabetic kidney disease via activating STAT3 pathway 
and disrupting the gut-kidney axis. J Cell Mol Med. 2021;25:960–74.

Li F, Wang Y, Song X, Wang Z, Jia J, Qing S, et al. The intestinal microbial 
metabolite nicotinamide n-oxide prevents herpes simplex encephalitis 
via activating mitophagy in microglia. Gut Microbes. 2022;14:2096989.

Li F, Wang Y, Zheng K. Microglial mitophagy integrates the microbiota-gut-
brain axis to restrain neuroinflammation during neurotropic herpesvi-
rus infection. Autophagy. 2023;19:734–6.

Lim A. Diabetic nephropathy—complications and treatment. IJNRD. 
2014;7:361.

Lindblom R, Higgins G, Coughlan M, De Haan JB. Targeting mitochondria and 
reactive oxygen species-driven pathogenesis in diabetic nephropathy. 
Rev Diabet Stud. 2015;12:134–56.

Liu KH, Owens JA, Saeedi B, Cohen CE, Bellissimo MP, Naudin C, et al. Microbial 
metabolite delta-valerobetaine is a diet-dependent obesogen. Nat 
Metab. 2021;3:1694–705.

Lobet E, Letesson J-J, Arnould T. Mitochondria: a target for bacteria. Biochem 
Pharmacol. 2015;94:173–85.

Lu X, Zhang L, Li P, Wang J, Li R, Huang Y, et al. The protective effects of com-
patibility of Aconiti Lateralis Radix Praeparata and Zingiberis Rhizoma 
on rats with heart failure by enhancing mitochondrial biogenesis via 
Sirt1/PGC-1α pathway. Biomed Pharmacother. 2017;92:651–60.

Lu C, Hu Z, Wang R, Hong Z, Lu J, Chen P, et al. Gut microbiota dysbiosis-
induced activation of the intrarenal renin–angiotensin system is 
involved in kidney injuries in rat diabetic nephropathy. Acta Pharmacol 
Sin. 2020;41:1111–8.



Page 16 of 17Ma et al. Molecular Medicine          (2023) 29:148 

Lucattini R, Likić VA, Lithgow T. Bacterial proteins predisposed for targeting to 
mitochondria. Mol Biol Evol. 2004;21:652–8.

Lumeng L, Davis EJ. The oxidation of acetate by liver mitochondria. FEBS Lett. 
1973;29:124–6.

Lynch MR, Tran MT, Parikh SM. PGC1α in the kidney. Am J Physiol Renal Physiol. 
2018;314:F1–8.

Ma Q, Li Y, Wang J, Li P, Duan Y, Dai H, et al. Investigation of gut microbiome 
changes in type 1 diabetic mellitus rats based on high-throughput 
sequencing. Biomed Pharmacother. 2020;124: 109873.

Mafra D, Borges NA, Lindholm B, Stenvinkel P. Mitochondrial dysfunction and 
gut microbiota imbalance: an intriguing relationship in chronic kidney 
disease. Mitochondrion. 2019;47:206–9.

Marquardt A, Al-Dabet MM, Ghosh S, Kohli S, Manoharan J, ElWakiel A, et al. 
Farnesoid X receptor agonism protects against diabetic tubu-
lopathy: potential add-on therapy for diabetic nephropathy. JASN. 
2017;28:3182–9.

Matsubara T, Li F, Gonzalez FJ. FXR signaling in the enterohepatic system. Mol 
Cell Endocrinol. 2013;368:17–29.

Meijers BKI, Evenepoel P. The gut-kidney axis: indoxyl sulfate, p-cresyl sulfate 
and CKD progression. Nephrol Dial Transplant. 2011;26:759–61.

Molin G. Probiotics in foods not containing milk or milk constituents, with 
special reference to Lactobacillus plantarum 299v. Am J Clin Nutr. 
2001;73:380s–5s.

Mollica MP, Mattace Raso G, Cavaliere G, Trinchese G, De Filippo C, Aceto S, 
et al. Butyrate regulates liver mitochondrial function, efficiency, and 
dynamics in insulin-resistant obese mice. Diabetes. 2017;66:1405–18.

Mosenzon O, Wiviott SD, Cahn A, Rozenberg A, Yanuv I, Goodrich EL, et al. 
Effects of dapagliflozin on development and progression of kidney 
disease in patients with type 2 diabetes: an analysis from the DECLARE–
TIMI 58 randomised trial. Lancet Diabetes Endocrinol. 2019;7:606–17.

Mossad O, Batut B, Yilmaz B, Dokalis N, Mezö C, Nent E, et al. Gut microbiota 
drives age-related oxidative stress and mitochondrial damage in 
microglia via the metabolite N6-carboxymethyllysine. Nat Neurosci. 
2022;25:295–305.

Müller-Deile J, Schiffer M. The podocyte power-plant disaster and its contribu-
tion to glomerulopathy. Front Endocrinol. 2014;5:209.

Neish AS, Jones RM. Redox signaling mediates symbiosis between the gut 
microbiota and the intestine. Gut Microbes. 2014;5:250–3.

Niewczas MA, Sirich TL, Mathew AV, Skupien J, Mohney RP, Warram JH, et al. 
Uremic solutes and risk of end-stage renal disease in type 2 diabetes: 
metabolomic study. Kidney Int. 2014;85:1214–24.

Pahl MV, Vaziri ND. The chronic kidney disease-colonic axis. Semin Dial. 
2015;28:459–63.

Palacios T, Vitetta L, Coulson S, Madigan CD, Denyer GS, Caterson ID. The effect 
of a novel probiotic on metabolic biomarkers in adults with prediabe-
tes and recently diagnosed type 2 diabetes mellitus: study protocol for 
a randomized controlled trial. Trials. 2017;18:7.

Palikaras K, Lionaki E, Tavernarakis N. Mechanisms of mitophagy in cellular 
homeostasis, physiology and pathology. Nat Cell Biol. 2018;20:1013–22.

Peng J, Narasimhan S, Marchesi JR, Benson A, Wong FS, Wen L. Long term 
effect of gut microbiota transfer on diabetes development. J Autoim-
mun. 2014;53:85–94.

Pettersson-Klein AT, Izadi M, Ferreira DMS, Cervenka I, Correia JC, Martinez-
Redondo V, et al. Small molecule PGC-1α1 protein stabilizers induce 
adipocyte Ucp1 expression and uncoupled mitochondrial respiration. 
Mol Metab. 2018;9:28–42.

Popov L. Mitochondrial biogenesis: an update. J Cell Mol Med. 2020;24:4892–9.
Remely M, Hippe B, Zanner J, Aumueller E, Brath H, Haslberger AG. Gut 

microbiota of obese, type 2 diabetic individuals is enriched in Faecali-
bacterium prausnitzii, Akkermansia muciniphila and Peptostreptococcus 
anaerobius after weight loss. EMIDDT. 2016;16:99–106.

Resta-Lenert S. Live probiotics protect intestinal epithelial cells from the 
effects of infection with enteroinvasive Escherichia coli (EIEC). Gut. 
2003;52:988–97.

Ritz E, Orth SR. Nephropathy in patients with type 2 diabetes mellitus. N Engl J 
Med. 1999;341:1127–33.

Rose S, Bennuri SC, Davis JE, Wynne R, Slattery JC, Tippett M, et al. Butyrate 
enhances mitochondrial function during oxidative stress in cell lines 
from boys with autism. Transl Psychiatry. 2018;8:42.

Ryu D, Mouchiroud L, Andreux PA, Katsyuba E, Moullan N, Nicolet-dit-Félix AA, 
et al. Urolithin A induces mitophagy and prolongs lifespan in C. elegans 
and increases muscle function in rodents. Nat Med. 2016;22:879–88.

Sabouny R, Shutt TE. Reciprocal regulation of mitochondrial fission and fusion. 
Trends Biochem Sci. 2020;45:564–77.

Saeedi P, Petersohn I, Salpea P, Malanda B, Karuranga S, Unwin N, et al. Global 
and regional diabetes prevalence estimates for 2019 and projections 
for 2030 and 2045: results from the International Diabetes Federation 
Diabetes Atlas. Diabetes Res Clin Pract. 2019;157: 107843.

Sagan L. On the origin of mitosing cells. J Theor Biol. 1967;14:225-IN6.
Saxena S, Mathur A, Kakkar P. Critical role of mitochondrial dysfunction 

and impaired mitophagy in diabetic nephropathy. J Cell Physiol. 
2019;234:19223–36.

Schroeder BO, Bäckhed F. Signals from the gut microbiota to distant organs in 
physiology and disease. Nat Med. 2016;22:1079–89.

Sharma S, Tripathi P. Gut microbiome and type 2 diabetes: where we are and 
where to go? J Nutr Biochem. 2019;63:101–8.

Sharma D, Bhattacharya P, Kalia K, Tiwari V. Diabetic nephropathy: new insights 
into established therapeutic paradigms and novel molecular targets. 
Diabetes Res Clin Pract. 2017;128:91–108.

Sharma M, Li Y, Stoll ML, Tollefsbol TO. The epigenetic connection between the 
gut microbiome in obesity and diabetes. Front Genet. 2019;10:1329.

Song Y, Wu M, Tao G, Lu M, Lin J, Huang J. Feruloylated oligosaccharides and 
ferulic acid alter gut microbiome to alleviate diabetic syndrome. Food 
Res Int. 2020;137: 109410.

Su M, Dhoopun A-R, Yuan Y, Huang S, Zhu C, Ding G, et al. Mitochondrial 
dysfunction is an early event in aldosterone-induced podocyte injury. 
Am J Physiol Renal Physiol. 2013;305:F520–31.

Sun L, Xie P, Wada J, Kashihara N, Liu F, Zhao Y, et al. Rap1b GTPase amelio-
rates glucose-induced mitochondrial dysfunction. J Am Soc Nephrol. 
2008;19:2293–301.

Sun J, Zhu H, Wang X, Gao Q, Li Z, Huang H. CoQ10 ameliorates mitochondrial 
dysfunction in diabetic nephropathy through mitophagy. J Endocrinol. 
2019;240:445–65.

Sysi-Aho M, Ermolov A, Gopalacharyulu PV, Tripathi A, Seppänen-Laakso T, 
Maukonen J, et al. Metabolic regulation in progression to autoimmune 
diabetes. PLoS Comput Biol. 2011;7: e1002257.

Tagawa A, Yasuda M, Kume S, Yamahara K, Nakazawa J, Chin-Kanasaki M, et al. 
Impaired podocyte autophagy exacerbates proteinuria in diabetic 
nephropathy. Diabetes. 2016;65:755–67.

Takagi S, Li J, Takagaki Y, Kitada M, Nitta K, Takasu T, et al. Ipragliflozin improves 
mitochondrial abnormalities in renal tubules induced by a high-fat diet. 
J Diabetes Investig. 2018;9:1025–32.

Tang WHW, Wang Z, Kennedy DJ, Wu Y, Buffa JA, Agatisa-Boyle B, et al. Gut 
microbiota-dependent trimethylamine N-oxide (TMAO) pathway con-
tributes to both development of renal insufficiency and mortality risk in 
chronic kidney disease. Circ Res. 2015a;116:448–55.

Tang WHW, Wang Z, Shrestha K, Borowski AG, Wu Y, Troughton RW, et al. Intes-
tinal microbiota-dependent phosphatidylcholine metabolites, diastolic 
dysfunction, and adverse clinical outcomes in chronic systolic heart 
failure. J Cardiac Fail. 2015b;21:91–6.

Tao S, Li L, Li L, Liu Y, Ren Q, Shi M, et al. Understanding the gut–kidney axis 
among biopsy-proven diabetic nephropathy, type 2 diabetes mellitus 
and healthy controls: an analysis of the gut microbiota composition. 
Acta Diabetol. 2019;56:581–92.

Tilg H, Moschen AR. Microbiota and diabetes: an evolving relationship. Gut. 
2014;63:1513–21.

Tomtheelnganbee E, Sah P, Sharma R. Mitochondrial function and nutrient 
sensing pathways in ageing: enhancing longevity through dietary 
interventions. Biogerontology. 2022;23:657–80.

Toney AM, Fan R, Xian Y, Chaidez V, Ramer-Tait AE, Chung S. Urolithin A, a gut 
metabolite, improves insulin sensitivity through augmentation of mito-
chondrial function and biogenesis. Obesity. 2019;27:612–20.

Tur J, Pereira-Lopes S, Vico T, Marín EA, Muñoz JP, Hernández-Alvarez M, et al. 
Mitofusin 2 in macrophages links mitochondrial ROS production, 
cytokine release, phagocytosis, autophagy, and bactericidal activity. 
Cell Rep. 2020;32: 108079.

Uchimura Y, Fuhrer T, Li H, Lawson MA, Zimmermann M, Yilmaz B, et al. Anti-
bodies set boundaries limiting microbial metabolite penetration and 
the resultant mammalian host response. Immunity. 2018;49:545-559.e5.



Page 17 of 17Ma et al. Molecular Medicine          (2023) 29:148 	

Van Der Kloet FM, Tempels FWA, Ismail N, Van Der Heijden R, Kasper PT, Rojas-
Cherto M, et al. Discovery of early-stage biomarkers for diabetic kidney 
disease using ms-based metabolomics (FinnDiane study). Metabo-
lomics. 2012;8:109–19.

Vatanen T, Kostic AD, d’Hennezel E, Siljander H, Franzosa EA, Yassour M, et al. 
Variation in microbiome LPS. Cell. 2016;165:842–53.

Vaziri ND, Zhao Y-Y, Pahl MV. Altered intestinal microbial flora and impaired 
epithelial barrier structure and function in CKD: the nature, mecha-
nisms, consequences and potential treatment. Nephrol Dial Transplant. 
2016;31:737–46.

Vezza T, Abad-Jiménez Z, Marti-Cabrera M, Rocha M, Víctor VM. Microbiota-
mitochondria inter-talk: a potential therapeutic strategy in obesity and 
type 2 diabetes. Antioxidants. 2020;9:848.

Vial G, Chauvin M-A, Bendridi N, Durand A, Meugnier E, Madec A-M, et al. 
Imeglimin normalizes glucose tolerance and insulin sensitivity and 
improves mitochondrial function in liver of a high-fat, high-sucrose diet 
mice model. Diabetes. 2015;64:2254–64.

Videja M, Vilskersts R, Korzh S, Cirule H, Sevostjanovs E, Dambrova M, et al. 
Microbiota-derived metabolite trimethylamine N-oxide protects mito-
chondrial energy metabolism and cardiac functionality in a rat model 
of right ventricle heart failure. Front Cell Dev Biol. 2021;8: 622741.

Vlachou E, Ntikoudi A, Govina O, Lavdaniti M, Kotsalas N, Tsartsalis A, et al. 
Effects of probiotics on diabetic nephropathy: a systematic review. CCP. 
2020;15:234–42.

Vogt NM, Romano KA, Darst BF, Engelman CD, Johnson SC, Carlsson CM, et al. 
The gut microbiota-derived metabolite trimethylamine N-oxide is 
elevated in Alzheimer’s disease. Alz Res Therapy. 2018;10:124.

Walker MA, Volpi S, Sims KB, Walter JE, Traggiai E. Powering the immune 
system: mitochondria in immune function and deficiency. J Immunol 
Res. 2014;2014:1–8.

Wang Z, Wu M. Phylogenomic reconstruction indicates mitochondrial ances-
tor was an energy parasite. PLoS ONE. 2014;9: e110685.

Wang Z, Wu M. An integrated phylogenomic approach toward pinpointing 
the origin of mitochondria. Sci Rep. 2015;5:7949.

Wang Z, Klipfell E, Bennett BJ, Koeth R, Levison BS, DuGar B, et al. Gut flora 
metabolism of phosphatidylcholine promotes cardiovascular disease. 
Nature. 2011;472:57–63.

Wang XX, Wang D, Luo Y, Myakala K, Dobrinskikh E, Rosenberg AZ, et al. FXR/
TGR5 dual agonist prevents progression of nephropathy in diabetes 
and obesity. JASN. 2018;29:118–37.

Wang Y, Zhao J, Qin Y, Yu Z, Zhang Y, Ning X, et al. The specific alteration of gut 
microbiota in diabetic kidney diseases—a systematic review and meta-
analysis. Front Immunol. 2022;13: 908219.

Wei PZ, Szeto CC. Mitochondrial dysfunction in diabetic kidney disease. Clin 
Chim Acta. 2019;496:108–16.

Weinberg JM. Mitochondrial biogenesis in kidney disease. J Am Soc Nephrol. 
2011;22:431–6.

Wen D, Tan R-Z, Zhao C-Y, Li J-C, Zhong X, Diao H, et al. Astragalus mongholicus 
Bunge and Panax notoginseng (Burkill) F.H. Chen formula for renal injury 
in diabetic nephropathy—in vivo and in vitro evidence for autophagy 
regulation. Front Pharmacol. 2020;11:732.

Westermann B. Mitochondrial fusion and fission in cell life and death. Nat Rev 
Mol Cell Biol. 2010;11:872–84.

Winther SA, Øllgaard JC, Tofte N, Tarnow L, Wang Z, Ahluwalia TS, et al. Utility 
of plasma concentration of trimethylamine N-oxide in predicting car-
diovascular and renal complications in individuals with type 1 diabetes. 
Diabetes Care. 2019;42:1512–20.

Wong J, Piceno YM, DeSantis TZ, Pahl M, Andersen GL, Vaziri ND. Expansion 
of urease- and uricase-containing, indole- and p-cresol-forming and 
contraction of short-chain fatty acid-producing intestinal microbiota in 
ESRD. Am J Nephrol. 2014;39:230–7.

Woo C-Y, Kc R, Kim M, Kim HS, Baek JY, Koh EH. Autophagic flux defect in 
diabetic kidney disease results in megamitochondria formation in 
podocytes. Biochem Biophys Res Commun. 2020;521:660–7.

Wu R, Zhao D, An R, Wang Z, Li Y, Shi B, et al. Linggui Zhugan formula improves 
glucose and lipid levels and alters gut microbiota in high-fat diet-
induced diabetic mice. Front Physiol. 2019;10:918.

Wu J, Wang K, Wang X, Pang Y, Jiang C. The role of the gut microbiome and its 
metabolites in metabolic diseases. Protein Cell. 2021;12:360–73.

Xiao L, Xu X, Zhang F, Wang M, Xu Y, Tang D, et al. The mitochondria-targeted 
antioxidant MitoQ ameliorated tubular injury mediated by mitophagy 
in diabetic kidney disease via Nrf2/PINK1. Redox Biol. 2017;11:297–311.

Xue H, Li P, Luo Y, Wu C, Liu Y, Qin X, et al. Salidroside stimulates the Sirt1/
PGC-1α axis and ameliorates diabetic nephropathy in mice. Phytomedi-
cine. 2019;54:240–7.

Yang S, Li A, Han Y, Peng C, Song N, Yang M, et al. Mitochondria-targeted 
peptide SS31 attenuates renal tubulointerstitial injury via inhibit-
ing mitochondrial fission in diabetic mice. Oxid Med Cell Longev. 
2019a;2019:1–13.

Yang Y-Y, Gong D-J, Zhang J-J, Liu X-H, Wang L. Diabetes aggravates renal 
ischemia-reperfusion injury by repressing mitochondrial function 
and PINK1/Parkin-mediated mitophagy. Am J Physiol Renal Physiol. 
2019b;317:F852–64.

Yang M, Zhang R, Zhuang C, Wu Y, Yang Q, Yu Z, et al. Serum trimethylamine 
N-oxide and the diversity of the intestinal microbial flora in type 2 dia-
betes complicated by diabetic kidney disease. Clin Lab. 2022. https://​
doi.​org/​10.​7754/​Clin.​Lab.​2021.​210836.

Yoon Y-S, Yoon D-S, Lim IK, Yoon S-H, Chung H-Y, Rojo M, et al. Formation of 
elongated giant mitochondria in DFO-induced cellular senescence: 
Involvement of enhanced fusion process through modulation of Fis1. J 
Cell Physiol. 2006;209:468–80.

Yuan Y, Huang S, Wang W, Wang Y, Zhang P, Zhu C, et al. Activation of peroxi-
some proliferator-activated receptor-γ coactivator 1α ameliorates 
mitochondrial dysfunction and protects podocytes from aldosterone-
induced injury. Kidney Int. 2012;82:771–89.

Zhang J, Fan Y, Zeng C, He L, Wang N. Tauroursodeoxycholic acid attenuates 
renal tubular injury in a mouse model of type 2 diabetes. Nutrients. 
2016;8:589.

Zhang X, Feng J, Li X, Wu D, Wang Q, Li S, et al. Mitophagy in diabetic kidney 
disease. Front Cell Dev Biol. 2021;9: 778011.

Zhang B, Wan Y, Zhou X, Zhang H, Zhao H, Ma L, et al. Characteristics of serum 
metabolites and gut microbiota in diabetic kidney disease. Front Phar-
macol. 2022;13: 872988.

Zhao T, Zhang H, Zhao T, Zhang X, Lu J, Yin T, et al. Intrarenal metabolomics 
reveals the association of local organic toxins with the progression of 
diabetic kidney disease. J Pharm Biomed Anal. 2012;60:32–43.

Zhao M, Wei H, Li C, Zhan R, Liu C, Gao J, et al. Gut microbiota production of 
trimethyl-5-aminovaleric acid reduces fatty acid oxidation and acceler-
ates cardiac hypertrophy. Nat Commun. 2022;13:1757.

Zhong C, Dai Z, Chai L, Wu L, Li J, Guo W, et al. The change of gut microbiota-
derived short-chain fatty acids in diabetic kidney disease. J Clin Lab 
Anal. 2021;35: e24062.

Zhuang R, Ge X, Han L, Yu P, Gong X, Meng Q, et al. Gut microbe–gener-
ated metabolite trimethylamine N -oxide and the risk of diabetes: 
a systematic review and dose-response meta-analysis. Obes Rev. 
2019;20:883–94.

Zorov DB, Plotnikov EY, Silachev DN, Zorova LD, Pevzner IB, Zorov SD, et al. 
Microbiota and mitobiota Putting an equal sign between mitochondria 
and bacteria. Biochem Moscow. 2014;79:1017–31.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.7754/Clin.Lab.2021.210836
https://doi.org/10.7754/Clin.Lab.2021.210836

	The potential mechanism of gut microbiota-microbial metabolites-mitochondrial axis in progression of diabetic kidney disease
	Abstract 
	Introduction
	Gut microbiota dysbiosis in DM and DKD
	Alteration of gut microbiome in type 1 and 2 DM individuals
	Changes of gut microbiota in DKD

	The potential mechanisms of gut microbial metabolites in DKD
	The interaction between gut microbial metabolites and mitochondria
	Mitochondrial damage in DKD
	The gut microbiota-microbial metabolites-mitochondrial axis in DKD
	Therapeutic strategies and future perspectives
	Conclusion
	Acknowledgements
	References


