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Abstract 38 

With the rising tide of fatty liver disease related to metabolic dysfunction worldwide, the association 39 

of this common liver disease with chronic kidney disease (CKD) has become increasingly evident. 40 
In 2020, the more inclusive term metabolic dysfunction-associated fatty liver disease (MAFLD) was 41 

proposed to replace the old term nonalcoholic fatty liver disease (NAFLD). In 2023, a modified Delphi 42 
process was led by three large pan-national liver associations. There was consensus to change the 43 

fatty liver disease nomenclature and definition to include the presence of at least one of five common 44 

cardiometabolic risk factors as diagnostic criteria. The name chosen to replace NAFLD was 45 
metabolic dysfunction-associated steatotic liver disease (MASLD). The change of nomenclature 46 

from NAFLD to MAFLD and then MASLD has resulted in a reappraisal of the epidemiological trends 47 

and associations with the risk of developing CKD. The observed association between 48 
MAFLD/MASLD and CKD and our understanding that CKD can be an epiphenomenon linked to 49 

underlying metabolic dysfunction support the notion that individuals with MASLD are at substantially 50 
higher risk of incident CKD than those without MASLD. This narrative review provides an overview 51 

of the literature on (a) the evolution of criteria for diagnosing this highly prevalent metabolic liver 52 
disease, (b) the epidemiological evidence linking MASLD to the risk of CKD, (c) the underlying 53 
mechanisms by which MASLD (and factors strongly linked with MASLD) may increase the risk of 54 
developing CKD, and (d) the potential drug treatments that may benefit both MASLD and CKD. 55 

 56 

 57 

 58 

 59 

 60 

 61 

 62 

 63 

 64 

 65 

 66 

 67 

 68 

 69 

 70 

 71 

 72 
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1. Introduction  73 

Nonalcoholic fatty liver disease (NAFLD) and chronic kidney disease (CKD) are two global public 74 

health problems that affect almost 30% and up to ∼10-15%, respectively, of the general adult 75 

population in many parts of the world [1-3]. Both chronic conditions are also expected to increase 76 

dramatically in the foreseeable future and are closely associated with poor outcomes, premature 77 
mortality, decreased quality of life, and high societal costs [1-3].  78 

 79 

A rapidly expanding body of clinical evidence supports the assertion that NAFLD can identify a group 80 
of individuals who are at increased risk of developing CKD and who need more careful surveillance 81 

and treatment to reduce their risk of incident CKD [4]. For example, an updated meta-analysis of 13 82 

observational cohort studies (including more than 1.2 million people) showed that NAFLD was 83 
significantly associated with a nearly 1.5-fold increased risk of incident CKD over a median follow-84 

up of ∼10 years [5]. 85 

 86 
As discussed in more detail later, the newly proposed fatty liver disease nomenclature changing from 87 
NAFLD to metabolic dysfunction-associated fatty liver disease (MAFLD) and metabolic dysfunction-88 
associated steatotic liver disease (MASLD) necessitates a reappraisal of the epidemiological 89 

associations with the risk of CKD and cardiovascular disease (CVD) (that represents the 90 
predominant cause of mortality in people with MAFLD or MASLD) [6-8]. Our recent understanding 91 
that CKD can occur as a consequence of metabolic dysfunction strongly suggests that persons with 92 

MAFLD or MASLD (who, by definition, have hepatic steatosis and at least one or more metabolic 93 

risk factors) are at amplified risk of developing CKD. 94 
 95 

In this narrative review, we summarize the recently proposed nomenclature change from NAFLD to 96 
MAFLD and MASLD and discuss the clinical associations between this common liver disease and 97 

the risk of developing CKD, as well as the underlying mechanisms potentially linking MAFLD/MASLD 98 

to the risk of developing CKD. Furthermore, we also discuss the pharmacotherapies that may benefit 99 
fatty liver disease and CKD. 100 

 101 

 102 

2. From NAFLD to MAFLD and MASLD: evolution of terminology and diagnostic 103 

criteria for a metabolic liver disease 104 

The initial descriptions in the early 1980s by Dr. Ludwig et al. [9] and by Dr. Schaffner and Thaler 105 

[10] first coined the terms nonalcoholic steatohepatitis (NASH) and NAFLD, respectively. These 106 

authors described a fatty liver disease in moderately obese individuals, most of whom had type 2 107 
diabetes mellitus (T2DM), arising in the absence of excessive alcohol consumption or other 108 
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competing causes for hepatic steatosis. Since then, important conceptual advances have been 109 

made in understanding the pathophysiological mechanisms of this highly prevalent liver condition. 110 

Over the last two decades, there have been concerns expressed by several experts and scientific 111 

societies regarding the inaccuracy and possible “negative” consequences of using the term “NAFLD” 112 
to describe a fatty liver disease associated with metabolic dysfunction. In particular, the adjective 113 

“non-alcoholic” present in the NAFLD definition overemphasizes the absence of significant alcohol 114 

consumption and could be perceived as stigmatizing. It also does not recognize the pathogenic role 115 
that overweight/obesity, T2DM, and insulin resistance play in the development of this liver disease 116 

and its most relevant adverse extra-hepatic complications (such as CVD, CKD or certain extra-117 

hepatic malignancies) [11-14].  118 

 119 

As recently described by Dr. George [15], the year 2020 witnessed a paradigm shift in how we 120 

conceptualized and thought about fatty liver disease, which is responsible for most of the cases we 121 
routinely observe in our clinical practice. Indeed, in 2020, a large panel of international experts 122 

proposed a change of terminology and definition for NAFLD in adult individuals — i.e., metabolic 123 
dysfunction-associated fatty liver disease (MAFLD) [16]. This proposal of terminology change from 124 
NAFLD to MAFLD has subsequently received widespread acceptance in clinical practice guidelines 125 

[17], [18], [19], and many other stakeholders [20].   126 
 127 

A direct comparison of the diagnostic criteria used for identifying NAFLD and MAFLD in adult 128 

individuals is summarized in Figure 1. The criteria for diagnosing MAFLD are based on the 129 
identification of hepatic steatosis (detected by liver biopsy, imaging techniques or blood-based 130 
biomarkers) in the presence of one of the following three metabolic disorders: overweight/obesity, 131 
T2DM, or metabolic dysregulation in individuals who are nonobese or don’t have T2DM [20]. It is 132 

important to underline that the new “positive” diagnostic criteria of MAFLD recognize that this 133 
metabolic liver disease can coexist with significant alcohol intake or other known causes of hepatic 134 
steatosis, but the exclusion of these conditions is not a pre-requisite criterion for diagnosing MAFLD. 135 

Persons with MAFLD who have one (or more) of these conditions should be defined as having a 136 

dual (or more) etiology of fatty liver disease [20]. Strong evidence suggests that the MAFLD definition 137 
identifies better individuals who are at higher risk of liver disease progression and those at increased 138 

risk of all-cause mortality, fatal/nonfatal cardiovascular events, or other adverse extra-hepatic 139 

outcomes than the old term NAFLD [7, 8, 11, 21-23].  140 
 141 

In 2023, three large multinational liver associations, along with various national hepatology societies 142 

and patient advocacy organizations, convened a steering committee to evaluate the need for 143 
revisiting the NAFLD nomenclature [24]. Using a representative, patient-centric Delphi process, a 144 

total of 236 panelists (including many authors from the MAFLD proposal) from 56 countries 145 
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systematically addressed all the issues and views over the past 2-3 years and, through consensus 146 

arrived at a new nomenclature and definition [24]. As shown in Figure 1, the MASLD definition does 147 

not appear to be substantially different from that of MAFLD but replacing “fatty” with “steatotic” is a 148 

further element in reducing the social stigma associated with the existing terminology. Other key 149 
differences are a more pragmatic set of diagnostic criteria and the presence of at least one of five 150 

common metabolic risk factors in the setting of hepatic steatosis (without establishing any priority of 151 

overweight/obesity or T2DM as the strongest metabolic risk factors for adverse liver-related 152 
outcomes). Furthermore, HOMA-IR score and plasma hs-CRP concentrations proposed amongst 153 

the MAFLD diagnostic criteria are not included. The MASLD definition also retains existing levels of 154 

weekly alcohol consumption (as established with NAFLD). That said, a new category outside “pure” 155 

MASLD has been created, termed “MetALD” (i.e., metabolic liver disease associated with alcohol 156 

intake) that identifies individuals with MASLD who drink greater amounts of alcohol per week (i.e., 157 

140-350 g/week for women and 210-420 g/week for men, respectively) [24]. The panelists of this 158 
Delphi process have recognized that the newly proposed nomenclature has limitations regarding the 159 

subclassification of NAFLD resulting from data gaps. Nevertheless, this new fatty liver disease 160 
nomenclature can provide a foundational structure/matrix for which definitions and subclasses may 161 
be adjusted as new epidemiological data emerges about the underlying pathophysiology and related 162 

risk factors [24]. Emerging evidence from population-based cohort studies from the USA, Brazil and 163 
China indicates that the newly proposed change in diagnostic criteria for MASLD does not 164 

significantly impact disease prevalence, or associated mortality outcomes compared to MAFLD [25-165 

28].  166 
 167 
Collectively, therefore, although the recently proposed change in nomenclature from NAFLD to 168 
MAFLD and MASLD is still under debate, it should be noted that this new fatty liver disease 169 

nomenclature is not a simple semantic revision. Rather, it better reflects the pathophysiology and 170 
cardiometabolic implications of this common and burdensome liver disease. This new nomenclature 171 
change represents the first step toward better identifying this metabolic liver disease for improved 172 

health promotion, case identification, patient awareness, ongoing clinical trials, and health services 173 

delivery [14]. 174 
 175 

 176 

3. Epidemiological evidence linking MASLD to the risk of chronic kidney 177 

disease  178 

In 2008, two pioneering prospective studies reported that NAFLD (assessed by ultrasonography) 179 

was associated with an increased risk of incident CKD in both patients with [29] and without T2DM 180 

[30], independently of common renal risk factors. After these pioneering studies, other longitudinal 181 

studies confirmed a close association between NAFLD and the risk of incident CKD. In 2022, a 182 
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comprehensive meta-analysis of 13 longitudinal studies (published until August 2020), including a 183 

total of about 1,2 million middle-aged individuals (28.1% of whom had NAFLD), showed that NAFLD 184 

was associated with a moderately increased risk of incident CKD stage ≥3 (defined as the 185 

occurrence of estimated glomerular filtration rate [eGFR] <60 mL/min/1.73 m2, with or without 186 
accompanying proteinuria) over a median follow-up period of 9.7 years (random-effect hazard ratio 187 

[HR] 1.43, 95% confidence intervals [CI] 1.33-1.54) [5]. This risk was independent of age, sex, 188 

obesity, hypertension, T2DM and other traditional renal risk factors. Interestingly, this meta-analysis 189 
also showed that CKD risk was further increased with more advanced liver disease, especially with 190 

the severity of hepatic fibrosis [5]. This finding has also been further corroborated by some cohort 191 

studies of patients with biopsy-proven NASH and liver fibrosis [31]. 192 

 193 

As summarized in Table 1 [31-40], after the publication of the meta-analysis mentioned above [5] 194 

and following the proposal to change the nomenclature from NAFLD to MAFLD in 2020 [16], several 195 
longitudinal studies have examined the prognostic impact of MAFLD on the risk of developing CKD. 196 

Other studies have also compared the effects of NAFLD and MAFLD definitions on the risk of 197 
developing CKD. Currently, there are no studies examining the impact of MASLD on the long-term 198 
risk of developing CKD. In a longitudinal study of 3,627 Chinese individuals with T2DM, Wei et al. 199 

reported that MAFLD on ultrasonography was associated with an increased risk of incident CKD 200 
during a 10-year follow-up, even after adjusting for age, sex, obesity, hypertension, dyslipidemia, 201 

serum liver enzymes and baseline eGFR (adjusted-HR 1.28, 95% CI 1.09-1.50) [37]. In another 202 

longitudinal study enrolling 6,873 Chinese individuals, Liang et al. reported that ultrasound-detected 203 
MAFLD was independently associated with a higher risk of incident CKD over a median of 4.6 years 204 
(adjusted-HR 1.64; 95% CI 1.39-1.94) and that a comparable association was also observed for 205 
NAFLD (adjusted-HR 1.70; 95% CI 1.43-2.01) [34]. Similar findings were reported by Jung et al. [36]. 206 

Conversely, in a longitudinal study of 13,159 Japanese adult individuals, Tanaka et al. showed that 207 
ultrasound-detected MAFLD (adjusted-HR 1.12; 95% CI 1.02–1.26), but not NAFLD, was 208 
significantly associated with an increased risk of incident CKD over a mean of 6.3 years, even after 209 

adjusting for conventional cardio-renal risk factors [40]. Interestingly, in that study, adding MAFLD 210 

to the conventional risk factors for CKD significantly improved the discriminatory capacity of 211 
identifying patients at higher risk of developing CKD [40]. Similarly, in a longitudinal study of 21,713 212 

South Korean adults undergoing at least two serial health examinations, Kwon et al. reported that 213 

patients with ultrasound-detected MAFLD (adjusted-HR 1.97, 95% CI 1.49-2.60), but not those with 214 
NAFLD, had a higher risk of developing CKD during a median of 5.3 years, even after adjustment 215 

for common cardio-renal risk factors, baseline eGFR, NAFLD fibrosis score or pre-existing CVD [38]. 216 

An association between MAFLD and the risk of end-stage renal disease (ESRD) was also recently 217 
observed. In a longitudinal study involving 337,783 participants from the UK Biobank, Chen et al. 218 
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found that patients with MAFLD had a ∼2-fold increased risk of developing ESRD than those without 219 

MAFLD over a median follow-up of 12.8 years [39].  220 

 221 

The coexistence of MAFLD and CKD may also predict the risk of ischemic heart disease (that is the 222 
leading cause of mortality in patients with MAFLD as reported in [41]) more accurately than MAFLD 223 

or CKD alone. It is also important to recognize that ischemic heart disease may reflect the presence 224 
of macroscopic renal vascular disease that will further increase the risk of CKD. As regards this, in 225 

a cohort study of 14,141 Japanese adults, Miyamori et al. [42] found that the coexistence of MAFLD 226 

and CKD, but not MAFLD or CKD alone, was a significant risk factor for ischemic heart disease 227 
during a mean follow-up of 6.9 years. These results remained significant after adjustment for age, 228 

sex, smoking, family history of ischemic heart disease, and presence of obesity, diabetes, 229 

hypertension, or dyslipidemia (adjusted-HR 1.51, 95% CI 1.02-2.22). Other prospective studies also 230 
showed that NAFLD was significantly associated with higher risks of adverse clinical outcomes and 231 

all-cause mortality in patients with CKD [43]. 232 
 233 

Little is currently known regarding the association between temporal changes in fatty liver (NAFLD) 234 

status and the risk of incident CKD. In a community-based cohort study of 4,042 Chinese adults free 235 
of CKD at baseline, Zuo et al. reported that developing incident NAFLD on ultrasonography was 236 

independently associated with an increased risk of developing CKD during a mean follow-up of 4.4 237 
years [32]. The authors also found that the risk of incident CKD was not significantly different 238 
between subjects with either resolution NAFLD or persistent NAFLD at follow-up [32]. In addition, 239 
liver fibrosis progression (non-invasively assessed by NAFLD fibrosis score) was associated with a 240 

significantly higher risk of incident CKD [32]. Similarly, Terasaka et al. showed that patients with a 241 

worsening FIB-4 index category from baseline to 5 years had a higher risk of developing CKD than 242 
those with an improved FIB-4 index category [44].  243 

 244 

Therefore, many epidemiological studies indicate that the NAFLD and MAFLD definitions can 245 

effectively identify a subgroup of patients at higher risk of developing CKD stage ≥3 over time. 246 

Additionally, it seems that advanced hepatic fibrosis is associated with the highest CKD risk. 247 

However, given the observational design of the published studies, a causal relationship between 248 
NAFLD or MAFLD (or MASLD) and increased incidence CKD cannot be firmly established. Hence, 249 

future prospective cohort studies, including Mendelian randomization ones, are timely needed.  250 

 251 

 252 

4. Putative mechanisms linking MASLD to kidney disease 253 
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As discussed earlier, a growing body of evidence indicates a clear epidemiological association 254 

between the presence of NAFLD/MASLD and an increased risk of CKD. However, it is essential to 255 

highlight that the precise pathophysiological mechanisms linking these diseases are not fully 256 

understood and likely involve the liver and many extra-hepatic organs. Indeed, CKD is a multisystem 257 
disease that shares a plethora of cardiometabolic risk factors with NAFLD/MASLD, making it 258 

challenging to dissect causative relationships between the two conditions. As discussed below, a 259 

complex combination of metabolic and hemodynamic changes, lipid nephrotoxicity, and genetic 260 
predisposition is likely to drive the development of CKD in individuals with NAFLD/MASLD. In this 261 

section, we consider both hepatic and non-renal tissue dysfunction in developing macro- and micro-262 

vascular renal complications driving kidney dysfunction and CKD.  263 

 264 

Metabolic syndrome and liver-mediated mechanisms 265 

Many of the cardiometabolic features of MASLD are shared risk factors with both CVD and CKD and 266 
can contribute to the progression of both liver disease and CKD by creating a systemic environment 267 

of metabolic and vascular dysfunction and low-grade inflammation. The pro-atherogenic 268 
dyslipidemia often observed in individuals with obesity and/or metabolic syndrome also contributes 269 
to renal vascular disease and a reduction in eGFR, potentially increasing the risk of CKD [45]. In 270 

addition to changes in plasma lipoprotein concentrations in MASLD and CKD, changes in the 271 
composition of small molecules, proteins and fatty acids in lipoproteins have been suggested to 272 

further contribute to renal damage, inflammation, and fibrosis [45]. Other systemic factors in MASLD, 273 

including hypertension and chronic hyperglycemia (as occurs with poorly controlled T2DM), typically 274 
form a cluster of metabolic risk factors which, along with abdominal obesity, are known to increase 275 
the risk of CKD and contribute directly to the development of macro- and micro-vascular renal 276 
complications [4]. Such systemic metabolic risk factors can promote renal oxidative stress and the 277 

infiltration and activation of pro-inflammatory immune cells, which modulate the renal 278 
microenvironment, potentially resulting in albuminuria and a reduction in eGFR [46].  279 
 280 

Additionally, early changes in the portal and splanchnic vasoregulation commonly seen in patients 281 

with NAFLD are thought to potentially initiate a pathological “hepatorenal reflex”, which likely 282 
precedes the development of cirrhosis and the so-called hepatorenal syndrome. Whilst the 283 

mechanisms involved in developing hepatorenal reflex are likely complex [47], increased intrahepatic 284 

vascular resistance and the impairment of sinusoidal blood flow are core features. In a recent expert 285 
opinion, Drs. Baffy and Bosch highlighted the potential importance of subclinical portal hypertension 286 

as a potential driver of hepatic dysfunction, inflammation, and fibrosis [48]. We hypothesize that this 287 

subclinical portal hypertension may also trigger a subclinical hepatorenal reflex, which, over a 288 
prolonged period, could contribute to the development and progression of renal dysfunction and 289 
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CKD [47]. That said, such a fascinating hypothesis requires further appropriate exploration and 290 

testing.  291 

 292 

Alterations in the release of hepatokines in MASLD may also contribute to the development of CKD 293 
via close liver-kidney crosstalk. Indeed, various hepatokines have been implicated in CKD 294 

pathogenesis and have been the focus of other recent reviews [49, 50]. Fibroblast growth factor-21 295 

(FGF-21) is a hepatokine that has been the subject of considerable interest in recent years, not least 296 
because the FGF-21 receptor agonist efruxifermin has shown promise in phase 2 randomized trials 297 

and is currently being tested in phase 3 clinical trials for the treatment of NAFLD. Circulating 298 

concentrations of FGF-21 are thought to be increased in individuals with metabolic diseases, 299 

including T2DM [51], CKD [52] and NAFLD/MASLD [53]. Increased plasma FGF-21 concentrations 300 

in the presence of metabolic complications are likely to be an adaptive response that aims to alleviate 301 

metabolic dysfunction (i.e., hyperglycemia and insulin resistance)[54]. However, in chronic metabolic 302 
diseases such as CKD and MASLD, a state of FGF-21 resistance may suppress the beneficial 303 

effects of this hepatokine [52]. While FGF-21 has been shown to improve systemic markers of T2DM 304 
and insulin resistance, its direct effects within the kidneys remain elusive, and further work is required 305 
to explore any direct effects of FGF-21 on renal function and whether modulating FGF-21 receptor 306 

activity is effective in the resolution of CKD.  307 
 308 

Adipose tissue, lipid droplets and PPAR-γ dysfunction connecting MASLD and CKD  309 

Adipose tissue dysfunction, rather than obesity per se, likely contributes to the development of CKD 310 
in MASLD via both direct and indirect (i.e., via the worsening of cardiometabolic risk factors) 311 
mechanisms. The inability of adipose tissue to sufficiently expand and/or suppress lipolysis results 312 
in the ectopic deposition of lipids in organs such as the liver and kidneys. Indeed, many studies 313 

indicate that renal lipid droplet accumulation is a hallmark characteristic of CKD [55]. In the kidney, 314 
lipids typically deposit in the perirenal space, kidney sinus and kidney parenchyma (Figure 2). 315 
Accumulation of perirenal adipose tissue is strongly associated with CKD and may directly contribute 316 

to renal dysfunction, although underlying mechanisms are yet to be fully elucidated [56]. Excess 317 

perirenal adipose tissue may directly compress the renal vasculature and parenchyma, increasing 318 
renal interstitial hydrostatic pressure and renin release and reducing eGFR [57, 58]. Similarly, 319 

increased renal sinus fat (considered to be perivascular adipose tissue) is within proximity to renal 320 

blood vessels and can produce a plethora of molecules, including adipokines (i.e., leptin and 321 
adiponectin), proinflammatory mediators, nitric oxide and reactive oxygen species [59]. 322 

Consequently, renal sinus fat accumulation and dysfunction may contribute to renal inflammation, 323 

fibrosis, and hypertension, potentially contributing to CKD progression. Further exacerbating this 324 
renal dysfunction, kidney parenchymal fat deposition (i.e., fat deposited in the renal cortex and 325 

medulla) has also been associated with kidney cell injury, glomerulosclerosis, interstitial fibrosis and 326 
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proteinuria [55]. Emerging evidence also indicates that lipid droplets may act as intracellular 327 

mechanical stressors, which, within the renal parenchyma, could contribute to inflammation and 328 

fibrosis [60].  329 

 330 
While renal lipid deposition may have a role in CKD development, it is also important to acknowledge 331 

the role of non-renal adipose tissue dysfunction as a potential mechanism linking MASLD and CKD. 332 

As shown in Figure 2, in addition to contributing to ectopic lipid deposition, obesity-associated 333 
adipose tissue dysfunction may also contribute to the development of systemic low-grade 334 

inflammation, strongly associated with CKD and MASLD. As reviewed by others, a shift in the profile 335 

of adipokines (e.g., adiponectin and leptin) also likely plays a role in the development of CKD and 336 

MASLD [61, 62].  337 

 338 

Emerging evidence also indicates the potential role of different mature white adipocyte 339 
subpopulations in adipose tissue inflammation and insulin resistance [63-65]. However, the role of 340 

these subpopulations in MASLD and/or CKD is unclear [63-65]. Interestingly, the adipose tissue-341 
kidney crosstalk appears to be bidirectional. Indeed, increased systemic uremic toxin concentrations 342 
resulting from renal dysfunction promote adipose tissue inflammation and alter adipokine profiles 343 

[62]. This vicious cycle between adipose tissue and kidney dysfunction likely contributes to systemic 344 
metabolic dysfunction, MASLD and CKD and is also exacerbated by intestinal dysfunction (Figure 345 

2). 346 

 347 
Predominantly expressed in the adipose tissue, peroxisome proliferator-activated receptor-gamma 348 
(PPAR-γ) is a master regulator of adipocyte biology where it plays crucial roles in facilitating fat 349 
storage, metabolic homeostasis and adipogenesis. Disruptions in PPAR-γ signaling compromise 350 

adipose tissue function and plasticity, resulting in local and systemic insulin resistance, a central 351 
driver for the development of both MASLD and CKD [66, 67]. In the liver, PPARγ has various 352 
potentially protective functions, including the improvement in hepatic insulin resistance, inflammation 353 

and fibrosis – the latter is thought to be achieved via reversing the activation of hepatic stellate cells 354 

[68]. Like adipose tissue and the liver, PPARγ is widely expressed in the kidneys and regulates 355 
various metabolic and inflammatory processes. Obesity-associated alterations in PPAR-γ activity 356 

may also contribute to renal lipid accumulation, inflammation and fibrosis [67]. Consequently, 357 

dysfunction in PPAR-γ signaling with obesity is an important factor contributing to the dysfunction of 358 
multiple key tissues, leading to detrimental changes in lipid handling, inflammation and fibrosis that 359 

may potentially ‘drive’ the development and progression of both MASLD and CKD. 360 

 361 
Intestinal dysfunction and dysbiosis affecting MASLD and CKD 362 



11 
 

Intestinal dysbiosis is a hallmark characteristic of both NAFLD/MASLD and CKD, and perturbations 363 

in intestinal function are likely to contribute to the development of both chronic conditions [69, 70]. 364 

Alterations in intestinal bacterial populations in MASLD and CKD typically feature a loss of bacterial 365 

richness and diversity and a depletion of beneficial bacteria such as Lactobacillus and 366 
Bifidobacterium. Conversely, Enterobacteria and Enterococci are among the bacterial populations 367 

enriched in patients with MASLD and CKD [71]. This dysbiosis is also associated with a loss of 368 

intestinal tight-junction cohesion, facilitating lipopolysaccharide (LPS) influx into the systemic 369 
circulation. LPS is a potent activator of nuclear factor kappa B (NF-κB), toll-like receptor (TLR)-2 and 370 

TLR4-related pathways, and its presence in distal organs, such as the liver and kidneys can 371 

exacerbate tissue inflammation and contribute to accelerated renal and hepatic fibrosis [72]. 372 

Intestinal dysbiosis is also associated with a shift in the production of a range of gut metabolites 373 

proposed to contribute to NAFLD/MASLD and CKD (Figure 2). 374 

 375 
Increased concentrations of bile acids (particularly secondary bile acids) have been associated with 376 

CKD and NAFLD/MASLD [73-75]. Circulating concentrations of deoxycholic acid are elevated in 377 
individuals with CKD, and some studies suggest that this secondary bile acid may contribute to 378 
vascular calcification mainly via activating transcription factor 4 [76]. Elevated serum urea 379 

concentrations secondary to decreased eGFR may subsequently increase gastrointestinal tract urea 380 
availability and the formation of microbiota-generated uremic toxins (e.g., trimethylamine, cresol, 381 

hippuric acid and indole). Such uremic toxins can exacerbate intestinal permeability and contribute 382 

to renal and hepatic dysfunction by activating proinflammatory and profibrogenic pathways [71]. 383 
Elevated trimethylamine-N-oxide (TMAO) concentrations may promote the development of 384 
hypertension in NAFLD/MASLD and CKD, and TMAO has also been proposed to contribute to renal 385 
interstitial fibrosis, eGFR decline and endothelial dysfunction [77, 78]. Similarly, gut dysbiosis-386 

associated reductions in short-chain fatty acid (SCFA) production have been suggested to contribute 387 
to CKD and NAFLD/MASLD via various mechanisms, including inflammation and oxidative stress 388 
exacerbation [79]. Intestinal dysbiosis may also contribute to the development of hypertension via 389 

the gut-brain-kidney axis, which is known to contribute to renal microvasculature damage and CKD 390 

[80, 81].  391 
 392 

Genetic predisposition to both MASLD and CKD  393 

The role of genetic polymorphisms associated with NAFLD/MASLD as risk factors for renal 394 
dysfunction and CKD has been the focus of recent publications [47, 82, 83]. Indeed, while some 395 

inconsistency exists between studies, several MASLD-associated polymorphisms, such as those in 396 

PNPLA3, TM6SF2, HSD17B13, MBOAT7 or GCKR, have also been shown to increase the risk of 397 
incident CKD [82]. The rs738409 C>G single nucleotide polymorphism in the PNPLA3 gene, 398 

encoding for the p.IIe148Met change (I148M), is considered one of the most prevalent and important 399 
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NAFLD/MASLD genetic risk factors [84]. Indeed, this common genetic risk variant is known to 400 

increase the risk of and contribute to developing hepatic steatosis, inflammation and fibrosis via a 401 

range of potential mechanisms [85]. Recent evidence also indicates that the PNPLA3-I148M variant 402 

in this lipid droplet-associated protein is associated with decreased renal function and an increased 403 
risk of kidney dysfunction in adults and children [47, 86-90]. Interestingly, the link between the 404 

PNPLA3-I148M variant and reduced renal function is independent of other shared metabolic risk 405 

factors and hepatic steatosis, inflammation, and fibrosis [86, 90, 91]. Consequently, the direct impact 406 
of the PNPLA3-I148M variant on renal function has become an area of considerable interest in recent 407 

years. Physiologically, PNPLA3 is involved in the hydrolysis of triglycerides (TAGs), with a greater 408 

affinity towards monounsaturated and polyunsaturated fatty acids [92].  409 

 410 

The PNPLA3-I148M variant has been shown to impair the hydrolytic activity of the physiological 411 

PNPLA3 protein, resulting in the accumulation of lipid droplets within hepatocytes and adipocytes 412 
rich in PUFA-rich TAGs [93]. It is reasonable to hypothesize that the PNPLA3-I148M variant may 413 

exacerbate the lipid droplet accumulation within renal podocytes by inhibiting PNPLA3’s ability to 414 
hydrolyze TAG-PUFAs. Such dysmetabolism of lipids and lipid droplet accumulation within renal 415 
cells has recently been highlighted as an important causative factor contributing to CKD 416 

development [55]. Additionally, the PNPLA3-I148M variant has been suggested to impair PNPLA3’s 417 
physiological retinyl-palmitate lipase activity, resulting in a reduction in the release of retinol from 418 

lipid droplets, which, within the kidney, could also contribute to renal dysfunction [83, 94]. We have 419 

attempted to summarize the potential underlying mechanisms by which the PNPLA3-I148M variant 420 
may influence the risk of CKD via alterations in both hepatic and renal functions (Figure 3). Further 421 
mechanistic studies are required to elucidate better the direct role of the PNPLA3-I148M variant on 422 
renal function and should focus initially on the influence of this genetic variant on lipid handling within 423 

renal podocytes. It is also worth noting that other less frequent genetic polymorphisms have been 424 
linked to both liver and kidney disease and have been discussed in-depth by Wang and colleagues 425 
[82]. 426 

 427 

5. Pharmacotherapies beneficially affecting both MASLD and chronic 428 

kidney disease  429 

When considering potential drug treatments that may benefit MASLD and CKD, it is important to 430 
consider drug actions that are of benefit, both to ameliorate (or attenuate) fat, inflammation and 431 

fibrosis in the liver and factors that have been shown to improve CKD (or risk factors for CKD). Many 432 

of the risk factors for CKD are also shared risk factors for CVD, and the development of 433 

atherosclerotic vascular disease is a significant risk factor for developing CKD. T2DM increases the 434 

risk of both macrovascular disease and microvascular disease. Whereas a decrease in eGFR 435 
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defining CKD may be due to macrovascular disease, proteinuria/macroalbuminuria is the hallmark 436 

of microvascular disease and, therefore, diabetes can cause both a decrease in eGFR and 437 

proteinuria or both macrovascular and microvascular disease within the kidney. Since chronic 438 

hyperglycemia occurring in people with diabetes is a significant risk factor for microvascular disease, 439 
it is important to treat hyperglycemia with glucose-lowering drugs to attenuate the risk of 440 

microvascular disease. Consequently, this section will consider different drug classes with proven 441 

beneficial effects not only on fatty liver disease and CKD related to MASLD but also with proven 442 
benefits in ameliorating fatty liver disease, cardiovascular risk factors and hyperglycemia. The effects 443 

of potential treatments for MASLD with CKD are summarized in Figure 4. The figure schematically 444 

illustrates the possible direct and indirect actions of drug treatments on processes relevant to liver 445 

disease and CKD per se, as well as the beneficial effects on CVD risk factors that may, in turn, be 446 

relevant to the development and progression of CKD. Management of dyslipidemia in MASLD should 447 

include the use of statins as first-line therapy (or other lipid-lowering agents if these drugs are not 448 
tolerated) based on plasma lipid levels and atherosclerotic CVD risk scores [95]. Lowering plasma 449 

LDL-cholesterol concentration has proven beneficial for patients at high risk of CVD or with 450 
established CVD. However, although statin treatment is now known to be safe in people with 451 
NAFLD/MASLD, there is currently no convincing evidence that this class of drugs specifically 452 

benefits fatty liver disease. Similarly, there is no good evidence that low-dose aspirin or other 453 
antiplatelet agents that are commonly used in treating patients with post-myocardial infarction may 454 

benefit the liver in NAFLD/MASLD.  455 

 456 
As discussed above, CKD is classified according to the level of eGFR and then subclassified 457 
according to the level of coexisting abnormal albuminuria or overt proteinuria. When abnormal 458 
albuminuria is present, this level of proteinuria is already an indication for specific drug treatments 459 

focused on the blockade of the renin-angiotensin system with agents such as angiotensin-converting 460 
enzyme (ACE) inhibitors or angiotensin II receptor blockers. There is some evidence of potential 461 
benefit of the latter on liver fibrosis, and this is considered below. Additionally, treating 462 

cardiometabolic risk factors is important and in people with T2DM and CKD, a blood pressure target 463 

of <130/80 mmHg is desirable [96].  464 
 465 

Sodium-glucose cotransporter-2 inhibitors  466 

In 2021, a meta-analysis of 20 phase 2 RCTs evaluated liver function or structure and compared 467 
SGLT2 inhibitors with placebo or other oral glucose-lowering drugs in patients with T2DM. A total of 468 

1,950 type 2 diabetic patients, with or without NAFLD, were treated with SGLT2 inhibitors for at least 469 

eight weeks, and 1,900 patients were used as controls [97]. SGLT2 inhibitors significantly improved 470 
serum alanine aminotransferase, aspartate aminotransferases and gamma-glutamyl transferase 471 

concentrations compared to placebo or other oral glucose-lowering drugs. Random-effect meta-472 
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analysis of the four RCTs evaluating fat liver content measured by magnetic resonance-based 473 

techniques showed that SGLT2 inhibitors were associated with a beneficial effect on hepatic 474 

steatosis compared to placebo (−3.39% [95% CI −6.01, −0.77%], p<0.01, I2= 89%) [97]. These 475 

results supported the results of another meta-analysis undertaken in 2020 [98]. A recent post-hoc 476 
analysis of 2 large double-blind randomized controlled trials (the CANVAS trials) showed that in 477 

patients with T2DM, treatment with canagliflozin vs. placebo resulted in significant improvements in 478 

some non-invasive fibrosis biomarkers [99]. Besides their possible hepato-protective effects, SGLT2 479 
inhibitors decrease body weight, plasma triglycerides and HOMA-IR score and increase plasma 480 

HDL-cholesterol concentrations [100]. 481 

 482 

Several major randomized controlled cardiovascular and renal outcome trials have been undertaken 483 

in people with established T2DM, showing benefits of SGLT2 inhibitors in the kidneys [101-105]. 484 

SGLT2 inhibitors decrease afferent arteriolar vasoconstriction and may confer protection in reducing 485 
the risk of CKD by benefitting glomerular function via reducing glomerular hyperfiltration [106]. 486 

SGLT2 inhibitors may also decrease uric acid-induced renal damage by lowering serum uric acid 487 
concentrations [107] and also benefit albuminuria by reducing low-grade inflammation [108], 488 
fibrogenic response, apoptosis, and glucose-induced oxidative stress [109]. Thus, in people living 489 

with T2DM who have MASLD, there is a strong case for the use of SGLT2 inhibitors for patients with 490 
CKD or at high risk of CKD. 491 

 492 

Peroxisome proliferator-activated receptor-gamma agonists   493 
Evidence shows that pioglitazone treatment has benefits for the cardiovascular system and has been 494 
shown to decrease the risk of acute myocardial infarction and ischemic stroke [110]. An elegant 495 
review recently reminded us that pioglitazone has become the “forgotten, cost-effective, 496 

cardioprotective drug” for T2DM [111]. The European and American guidelines for the treatment of 497 
NAFLD recommended the use of the peroxisome proliferator-activated receptor-gamma agonist 498 
(PPAR-γ) pioglitazone in adults with biopsy-confirmed NASH, regardless of the presence or absence 499 

of T2DM [112, 113]. However, most national Medicines agencies do not approve the pioglitazone 500 

use in patients who do not have T2DM. Pioglitazone is a selective agonist regulating the PPAR-γ 501 
nuclear receptor activity [114]. A systematic review of randomized clinical trials assessing the 502 

efficacy of glucose-lowering agents to specifically treat NAFLD or NASH in adults with or without 503 

T2DM showed that treatment with pioglitazone (≥30 mg daily) improved individual histologic scores 504 
of NASH and achieved greater resolution of NASH compared to placebo [115]. In patients with 505 

prediabetes or T2DM, a phase-2 placebo-controlled RCT showed that pioglitazone treatment (45 506 

mg/day for 72 weeks) was also better than placebo in improving the fibrosis score in patients with 507 
NASH (especially in those with T2DM) [116]. This finding was further confirmed by a meta-analysis 508 

involving eight RCTs [117]. Safety concerns (moderate weight gain, peripheral edema, and 509 
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moderately increased risk of distal bone fractures in postmenopausal women) may limit the long-510 

term use of pioglitazone in clinical practice.  511 

 512 

PPAR-γ is abundantly expressed in the kidney in the medullary collecting duct, paraurethral and 513 
bladder epithelial cells, as well as podocytes, mesangial cells, and vascular endothelial cells [67]. 514 

The PPAR-γ function in the kidney ranges from energy metabolism and cell proliferation to 515 

inflammatory suppression [67]. Evidence suggests that PPAR-γ agonists could also provide 516 
protection in a broader spectrum of kidney diseases, such as acute nephrotic syndrome, nondiabetic 517 

glomerulosclerosis, and polycystic kidney [118, 119]. However, side effects such as fluid retention 518 

occurring via the effects of pioglitazone in the kidneys may result in peripheral edema in ~5-10% of 519 

treated patients and this effect, as well as moderate weight gain (~2.5 kg after 72 weeks) largely due 520 

to subcutaneous fat accumulation, tends to be worse in patients treated with the highest licensed 521 

dose of pioglitazone (45 mg/day) [120]. Fluid retention is potentially important, and therefore 522 
pioglitazone is contraindicated in patients at high risk of, or with heart failure. However, as 523 

pioglitazone treatment also reduces the risk of acute myocardial infarction and ischemic stroke, in 524 
our opinion, pioglitazone should be considered when not contraindicated in patients with 525 
MAFLD/MASLD, not least because of benefits in the kidney in patients at risk of CKD.  526 

 527 
Lanifibranor is a pan-PPAR agonist that modulates key metabolic, inflammatory, and fibrogenic 528 

pathways in the pathogenesis of NASH and a phase 3 RCT is currently underway. A phase 2b 529 

placebo-controlled RCT in patients with biopsy-proven NASH treated with different doses of 530 
lanifibranor for 24 weeks has been undertaken. These data showed that the percentage of patients 531 
with improvement of at least two points in the histologic SAF score (steatosis, activity, and fibrosis) 532 
without worsening of fibrosis was significantly greater among those treated with the 1200-mg dose 533 

of lanifibranor than with placebo [114]. With the failure of elafibranor (a PPAR alpha and delta agonist) 534 
to show benefit in NASH, and bearing in mind the proven benefit of pioglitazone, it seems likely that 535 
any benefit conferred by lanifibranor on steatotic liver disease in MASLD will be mediated by its 536 

PPAR-γ agonist activity. 537 

 538 
Incretin receptor agonists  539 

The two major classes of incretin receptor agonists showing considerable promise in treating the 540 

early stages of NAFLD/MASLD are glucagon-like peptide-1 (GLP-1) receptor agonists (especially 541 
subcutaneous semaglutide) and dual GLP-1 and glucose-dependent 542 

insulinotropic polypeptide (GIP) agonists (tirzepatide) [121]. These drugs are very effective in 543 

facilitating weight loss, and we have recently evaluated their effectiveness in treating NAFLD/NASH 544 
[122]. Although there remains uncertainty as to whether there are any benefits on liver fibrosis, these 545 

drugs confer indirect benefits on the liver (principally via the benefits of weight loss) to decrease liver 546 
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fat and inflammation [122]. Studies investigating the cardiovascular outcomes of GLP-1 receptor 547 

agonists have also identified benefits on secondary renal outcomes. For example, the LEADER trial 548 

investigated the effects of liraglutide and included 23% of patients with CKD. The results showed an 549 

approximately 25% risk reduction of renal failure, doubling of serum creatinine, death due to kidney 550 
disease, or macroalbuminuria. Similar effects on macroalbuminuria have been shown with other 551 

GLP-1 receptor agonists, such semaglutide (SUSTAIN-6), dulaglutide (REWIND and AWARD-7)), 552 

efpeglenatide (AMPLITUDE), lixisenatide (ELIXA) and the dual receptor agonist tirzepatide 553 
(SURPASS-4) [123].    554 

 555 

GLP-1 receptor agonists are contraindicated in patients with a prior history of medullary thyroid 556 

cancer and should be used with caution in those with a history of pancreatitis. These drugs are 557 

effective glucose-lowering therapies in patients at high CVD risk [124]. GIP and GLP-1 have anti-558 

inflammatory, anti-reactive oxygen species effects that may benefit the vasculature [123] and by also 559 
inhibiting macrophage infiltration and increasing nitric oxide production (GIP) [123], these agonists 560 

may confer cardiovascular protection that benefits the kidney in people with MAFLD/MASLD. 561 
Patients with MAFLD/MASLD benefit from weight loss not only to benefit liver disease in 562 
MAFLD/MASLD but also to treat T2DM. Assuming there is no contradiction to treatment, there is a 563 

strong case for prescribing incretin receptor agonist agents as first-line treatments. Although GLP-1 564 
receptor agonist drugs may commonly cause gastrointestinal side effects, they are well tolerated. 565 

That said, this class of drugs should be used with caution in people who have had previous 566 

pancreatitis or with concomitant use of sulphonylureas or insulin treatment because of the risk of 567 
hypoglycemia. More data on tirzepatide, a dual GIP and GLP-1 receptor agonist that predominantly 568 
affects GIP rather than GLP-1, will be forthcoming in the foreseeable future. For example, the 569 
SURPASS-CVOT (NCT04255433) is a large cardiovascular outcomes trial that compares the 570 

cardiovascular safety of tirzepatide against 1.5 mg dulaglutide. This trial will evaluate three major 571 
adverse cardiovascular event endpoints (myocardial infarction, stroke, and cardiovascular death), 572 
last up to 54 months and is scheduled to end in October 2024 [125]. However, a meta-analysis of 573 

data from 4,887 participants treated with tirzepatide versus 2,328 control participants showed a point 574 

estimate HR of 0.80 (95% CI 0.57-1.11) for major adverse cardiovascular events, 0.90 (95% CI 0.50, 575 
1.61) for cardiovascular mortality and 0.80 (95% CI 0.51-1.25) for all-cause mortality [126]. Thus, 576 

there is a very good case for early treatment of subjects with MASLD who are obese to decrease 577 

their risk of developing adverse cardiovascular and renal outcomes. 578 
 579 

Renin-angiotensin-system inhibitors 580 

It is now widely acknowledged that ACE inhibitors and angiotensin II receptor blockers are clinically 581 

effective and benefit a range of adverse cardiovascular, renal and diabetes-related outcomes. 582 
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However, it has proved very difficult to test the proposed antifibrotic effects of angiotensin II receptor 583 

blockers on liver fibrosis [127] in adult patients with NAFLD/MAFLD because co-existing cardio-584 

metabolic diseases necessitate treatment of affected patients with these drugs. Either angiotensin II 585 

receptor blockers or ACE inhibitors are frequently used for their proven benefits in patients with 586 
T2DM, CVD, or CKD, and most patients with these conditions will most likely be treated with one of 587 

these classes of drugs. However, the NASH-Clinical Research Network recently undertook a 588 

multicentre, double-masked, placebo-controlled, randomized clinical trial in children (age 8-17 years) 589 
with histologically confirmed NAFLD. Children received 100 mg of losartan or placebo orally once 590 

daily for 24 weeks. The primary outcome was a change in serum ALT levels from baseline to 24 591 

weeks, and the sample size was n=110. Eighty-three participants were randomized to losartan or 592 

placebo, and in an unplanned interim analysis due to the COVID-19 pandemic, there was a low 593 

probability of a significant group difference. The Data and Safety Monitoring Board recommended 594 

early study termination. Compliance with pill counts and numbers and types of adverse events did 595 
not differ by groups, suggesting a null effect of losartan on the liver compared to placebo [128]. 596 

Finerenone is a new nonsteroidal, selective mineralocorticoid receptor antagonist, and although its 597 
effect on liver disease in MASLD is uncertain [129], treatment with finerenone has been shown to 598 
result in lower risks of CKD progression and adverse cardiovascular outcomes in people with T2DM 599 

with CKD [130]. Thus, similar to the use of angiotensin II receptor blockers and ACE inhibitors (and 600 
also SGLT2 inhibitors), regardless of whether there is any benefit on the liver, these classes of drugs 601 

can have a place in the treatment of MASLD, where there is evidence of CKD or where patients are 602 

considered to be at high risk of CKD.   603 

 604 

6. Conclusions and future directions 605 

The change of terminology and diagnostic criteria of NAFLD has been the subject of ongoing intense 606 

debate in the medical community. The rationale of the recent proposal to change from NAFLD to 607 
MAFLD and MASLD is intended to address the inherent limitations associated with the term NAFLD 608 

and to highlight the key insights into the metabolic pathological mechanisms leading to the 609 

development and progression of this common liver disease. The mechanistic links connecting 610 
MASLD and CKD are complex and multifactorial and involve various tissues contributing to renal 611 

and hepatic dysfunction via direct and indirect mechanisms likely exacerbated by a range of genetic 612 
risk factors. Although further evidence is needed in each of the subgroups of MASLD, which have 613 

different types of metabolic dysfunction, several different classes of drugs are now known to be of 614 

proven benefit in people with, or without, T2DM who are at high risk of CVD and CKD. These drugs 615 

should, therefore, be considered for people with MASLD, particularly where subjects have CVD or 616 

CKD or are at high risk of these adverse outcomes. These drugs include angiotensin II receptor 617 
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blockers or renin-angiotensin-system inhibitors, SGLT2 inhibitors, PPAR-γ agonists such as 618 

pioglitazone, and incretin receptor agonists. Regardless of whether there is a benefit on fatty liver 619 

disease, these classes of drugs have a place in the treatment of MASLD, specifically where there is 620 

evidence of CKD or where patients are considered at high risk of CKD.  Since many people living 621 
with MASLD are also at high CVD risk (or may have established CVD), healthcare professionals 622 

should assess the global cardiovascular risk and advise treatment with a statin where appropriate. 623 

 624 
 625 

 626 

Search strategy and selection criteria 627 

References for this clinical narrative review were identified by the authors through searches of 628 

PubMed with the search terms “NAFLD” OR “non-alcoholic fatty liver disease” OR “non-alcoholic 629 
steatohepatitis” OR “NASH” OR “metabolic dysfunction-associated fatty liver disease” OR “MAFLD” 630 
OR “metabolic dysfunction-associated steatotic liver disease” OR “MASLD” AND “chronic kidney 631 

disease” OR “CKD” OR “kidney dysfunction” OR “drug treatment” OR “pharmacotherapy” OR 632 
“clinical trials”. We have searched up to October 31, 2023. We have considered the relevant literature 633 

cited in these papers. Only articles published in English were considered. The final reference list 634 
was generated based on originality and relevance to the broad scope of this review.  635 
 636 

 637 

 638 

Figure legends 639 

 640 
Figure 1 – Comparison between diagnostic criteria proposed for identifying nonalcoholic 641 

fatty liver disease (NAFLD), metabolic dysfunction-associated fatty liver disease (MAFLD) 642 

and metabolic dysfunction-associated steatotic liver disease (MASLD). The figure shows the 643 
evolution of terminology and diagnostic criteria of the change from NAFLD to MAFLD and MASLD. 644 

The principal limitations of the term NAFLD are the reliance on exclusionary confounder terms and 645 

the use of potentially stigmatizing language. In the last 2-3 years, two new nomenclatures and a set 646 
of “positive” diagnostic criteria have been proposed for identifying steatotic liver disease that better 647 

reflects the pathophysiological link between metabolic dysfunction and this highly prevalent liver 648 

disease. 649 
 650 

Figure 2 – Adipose tissue, gut dysfunction and renal lipid accumulation can contribute to 651 
CKD development and progression and form a cycle of worsening disease severity. Non-renal 652 

obesity-associated adipose tissue and intestinal dysfunction contribute to renal dysfunction and CKD 653 
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via various mechanisms. Renal adipose tissue and parenchymal lipid droplet accumulation 654 

contribute to alterations in renal hydrostatic pressure, inflammation and fibrosis and are key 655 

characteristics of CKD. Elevated uremic toxin concentrations resulting from insufficient urea 656 

clearance may exacerbate adipose tissue inflammation and intestinal permeability, contributing to 657 
systemic metabolic and renal dysfunction, thus potentially forming a cycle of worsening disease 658 

severity. Genetic risk factors, such as the PNPLA3-I148M variant, may directly affect renal function, 659 

which could include (amongst other things) altering renal lipid droplet composition that may also 660 
drive kidney dysfunction and CKD.  661 

Abbreviations: SCFAs; short-chain fatty acids, LPS; lipopolysaccharide, BAs; bile acids, ROS; 662 

reactive oxygen species, eGFR; estimate glomerular filtration rate, PUFA; poly-unsaturated fatty acid. 663 

 664 

Figure 3 – Putative mechanisms underlying the increased risk of CKD associated with the 665 

PNPLA3-I148M genetic variant. The presence of the PNPLA3-I148M variant is known to contribute 666 
to increased hepatic LD accumulation, inflammation and fibrosis via disrupting TAG lipolysis and 667 

activating inflammatory and hepatic stellate cells – such effects of the PNPLA3-I148M variant could 668 
drive CKD indirectly via the exacerbation of systemic metabolic dysfunction subsequently resulting 669 
in renal dysfunction. Additionally, the PNPLA3-I148M variant likely directly affects the kidney, 670 

especially renal podocytes. This genetic variant is known to reduce the hydrolytic and retinyl-671 
palmitate lipase activity of the PNPLA3 protein, which, in turn, may reduce the release of PUFAs, 672 

retinol and glycerol, increasing LD accumulation and renal inflammation. While speculative, the 673 

increased renal podocyte LD accumulation partially driven by the PNPLA3-I148M variant may result 674 
in LD-induced nucleus indentation, contributing to cellular dysfunction and the production of reactive 675 
oxygen species, which may contribute to renal dysfunction and CKD. 676 
Abbreviations: LD; lipid droplet, TAG; triglyceride, PUFA; polyunsaturated fatty acid, ROS; reactive 677 

oxygen species. 678 
 679 

Figure 4 – Potential drug treatments for MASLD with CKD: potential direct and indirect 680 
actions of treatments on processes relevant to liver disease, cardiovascular risk factors, and 681 

CKD. Potential pharmacotherapies for MAFLD and CKD include sodium-glucose cotransporter 2 682 

(SGLT2) inhibitors, incretin receptor agonists (e.g., glucagon-like peptide-1 [GLP-1] receptor 683 
agonists, glucose-dependent insulinotropic polypeptide [GIP] agonists, or dual GLP-1 and GIP 684 

receptor co-agonists), peroxisome proliferator-activated receptor (PPAR)-gamma agonists 685 

(pioglitazone), angiotensin II receptor blockers (AT-II), renin-angiotensin system (RAS) inhibitors or 686 
mineralocorticoid receptor antagonists. Although not all these drug classes have been shown to 687 

benefit steatotic liver disease in MASLD, these drugs have been shown to benefit kidney disease 688 

and cardiovascular risk factors (e.g., hypertension) that is very relevant to a holistic approach to 689 
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treating MASLD as a multisystem disease. GLP-1 receptor agonists have proven efficacy to benefit 690 

T2DM, CVD and CKD. GLP-1 receptor agonists are effective in the brain by decreasing appetite and 691 

inducing satiety, and by reducing dietary calorie intake. These effects can facilitate weight loss, which 692 

in turn benefits MASLD as well as T2DM and cardiovascular risk factors. Dual GLP-1 and GIP 693 
receptor co-agonists might be more effective at promoting weight loss than GLP-1 receptor agonists 694 

alone. Thus, dual GLP-1 and GIP receptor co-agonists might prove to be very effective treatments 695 

for MASLD, as well as the extrahepatic complications of MASLD as a multisystem disease.  696 

Abbreviations: MASLD; metabolic dysfunction-associated steatotic liver disease, GIP; glucose-697 
dependent insulinotropic polypeptide, GLP-1; glucagon-like peptide-1, TNF-α; tumour necrosis 698 

factor-α. 699 

 700 

 701 
 702 

 703 
 704 
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(random-effect HR 

1.43, 95%CI 1.33-

1.54; I2 =60.7%). 

The CKD risk 

appeared to be 

higher in those with 

advanced NAFLD 

Sanyal et al 2021  

[31] 

A multicenter cohort 

of 1773 United States 

adult patients with 

NASH and different 

stages of liver fibrosis 

from the NASH 

Clinical Research 

Network. Median 

follow-up: 4 years 

NASH was diagnosed 

by liver biopsy 

Decrease of more 

than 40% in eGFR 

from baseline 

Age, sex, race, diabetes 

status, and baseline 

histologic liver severity 

As compared with 

patients with stage 

F0 to F2 fibrosis, 

patients with stage 

F4 fibrosis had a 

decrease of more 

than 40% in the 

eGFR (2.98 vs. 0.97 

events per 100 

person-years; HR 

1.9; 95% 1.1-3.4) 

Zuo et al. 2021 

[32] 

Community-based 

prospective study: 

4042 adult 

individuals free of 

CKD at baseline. 

Mean follow-up: 4.4 

years. 

Changes in NAFLD 

status was diagnosed 

by ultrasonography 

and NAFLD fibrosis 

score (NFS) was used to 

evaluate fibrosis stage 

and progression; at 

baseline, 29.4% had 

NAFLD  

eGFR <60 

mL/min/1.73 m2 or 

abnormal 

albuminuria; 355 

cases of incident CKD 

Age, sex, smoking 

status, drinking status, 

physical activity, BMI, 

systolic blood pressure, 

HbA1c, white blood cell 

count, lipids, baseline 

eGFR, and medications 

changes for incident 

diabetes, hypertension 

or obesity status 

NAFLD 

development and 

fibrosis progression 

were associated 

with an increased 

risk of incident CKD 

(adjusted-HR 1.44; 

95%CI, 1.01-2.06). 

The risk of incident 

CKD was not 

significantly 

different between 
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NAFLD resolution 

and persistent 

NAFLD. Fibrosis 

progression from 

low NFS to 

intermediate or 

high NFS was 

associated with a 

significantly 

increased risk of 

incident CKD 

compared with 

those with stable 

fibrosis in low NFS 

Li et al. 2021 [33] Population-based 

prospective cohort 

study: 101,296 

Chinese patients with 

prediabetes or 

diabetes from the 

China 

Cardiometabolic 

Disease and Cancer 

Cohort (notably, only 

64,533 were included 

in the analysis of 

incident CKD). Mean 

follow-up: 3.8 years 

NAFLD was diagnosed 

by FLI ≥60; at baseline, 

20.1% had NAFLD 

eGFR <60 mL/min 

per 1.73 m2 and/or 

a >50% decrease in 

eGFR from baseline, 

renal replacement 

therapy and/or CKD-

related death; 1943 

cases of incident CKD 

Age, sex, education 

level, smoking status, 

alcohol consumption, 

physical activity, HbA1c 

goal achievement 

(<6.5% or ≥6.5%), blood 

pressure goal 

achievement (<130/80 

mmHg or not), and LDL-

cholesterol goal 

achievement (<100 

mg/dL or ≥100 mg/dL) 

Compared with 

those without 

NAFLD, patients 

with NAFLD and 

pre-diabetes 

(adjusted-HR 1.42; 

95% CI 1.22–1.66) 

and those with 

NAFLD and type 2 

diabetes (adjusted-

HR 1.25; 95% CI 

1.08–1.44) had a 

higher risk of 

incident CKD  

Liang et al 2022 

[34] 

Longitudinal study: 

6873 Chinese adult 

individuals from the 

Shanghai Nicheng 

Cohort Study. 

Median follow-up: 

4.6 years  

NAFLD and MAFLD 

were diagnosed by 

ultrasonography. 

Patients were 

categorized in NAFLD 

or MAFLD; at baseline, 

40.3% had NAFLD and 

46.7% had MAFLD 

eGFR <60 

mL/min/1.73 m2 

and/or abnormal 

albuminuria; 1606 

cases of incident CKD 

Age, sex, educational 

level, smoking, and 

leisure-time exercise at 

baseline 

MAFLD was 

associated with a 

higher risk of 

incident CKD 

(adjusted-HR 1.64; 

95%CI 1.39-1.94). 

Similar association 

for NAFLD was 

observed (adjusted-

HR 1.70, 95%CI 

1.43-2.01). The 

change from NAFLD 

to MAFLD did not 

significantly affect 

the associations 

with CKD 

Hashimoto et al. 

2022 [35] 

Cross-sectional and 

longitudinal study: 

16,938 of 27,371 

participants 

MAFLD was diagnosed 

by ultrasonography; at 

baseline, 19.6% had 

MAFLD 

eGFR <60 

mL/min/1.73 m2 

and/or proteinuria  

Age, sex, physical 

activity, smoking status, 

and alcohol use 

Compared with the 

non-FLD without 

metabolic 

dysfunction, MAFLD 
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(included in the 

cross-sectional 

analysis) were 

followed for a 

median period of 4.6 

years  

was associated with 

the risk of incident 

CKD (adjusted-HR 

1.24, 95%CI 1.14-

1.36). MAFLD was 

associated with a 

higher risk of CKD, 

whereas FLD 

without MD was not  

Jung et al. 2022 

[36] 

Longitudinal study: 

268,946 Korean 

participants aged 40-

64 years, who 

underwent National 

Health Insurance 

Service health 

examinations 

between 2009 and 

2015. Median follow-

up: 5.1 years 

NAFLD and MAFLD 

were diagnosed by FLI 

≥30. Patients were 

categorized in NAFLD 

or MAFLD; at baseline, 

27.4% participants had 

NAFLD and 33% had 

MAFLD 

eGFR <60 

mL/min/1.73m2 or 

proteinuria on two 

consecutive health 

examinations; 8,335 

cases of incident CKD 

Age, sex, income level, 

hypertension, diabetes 

mellitus, heart failure, 

cerebrovascular 

disease, ischemic heart 

disease, exercise 

frequency, alcohol 

intake, smoking, use of 

lipid-lowering agents, 

NSAIDs or anti-platelet 

drugs, LDL-cholesterol, 

serum transaminases, 

and baseline creatinine 

Compared to non-

NAFLD participants, 

those with NAFLD 

had an increased 

risk of incident CKD 

(adjusted-HR 1.33, 

95%CI 1.27-1.39). 

Compared to non-

MAFLD 

participants, those 

with MAFLD had an 

increased risk of 

incident CKD 

(adjusted-HR 1.39, 

95% CI 1.33-1.46). 

MAFLD identified a 

numerically greater 

proportion of 

individuals at risk of 

developing CKD 

than NAFLD 

Wei et al. 2023 

[37] 

Longitudinal study: 

3,627 Chinese 

individuals with 

T2DM who had 

received at least 

three health 

examinations 

between 2008 and 

2015. Median follow-

up: 10 years  

MAFLD was diagnosed 

by ultrasonography; 

61.6% with MAFLD at 

baseline 

eGFR <60 

mL/min/1.73 m2 or 

proteinuria; 837 

cases of incident CKD 

Age, sex, obesity, 

hypertension, 

dyslipidemia, LDL-

cholesterol, serum 

transaminases, and 

baseline eGFR 

MAFLD was 

associated with an 

increased risk of 

incident CKD 

(adjusted-HR 1.28, 

95%CI 1.09-1.50), 

especially in those 

aged <60 years 

Kwon et al. 2023 

[38] 

Longitudinal 

retrospective study: 

21,713 South Korean 

adults who 

underwent at least 

two serial health 

examinations. 

NAFLD and MAFLD 

were diagnosed by 

ultrasonography. 

Patients were 

categorized in NAFLD 

or MAFLD; at baseline, 

2.2% participants had 

NAFLD-only, 8.2% had 

eGFR <60 

mL/min/1.73 m2 

and/or abnormal 

albuminuria at the 

time of first health 

examination; 912 

cases of incident CKD 

Age, sex, BMI, baseline 

eGFR, smoking, physical 

activity, prediabetes, 

diabetes, hypertension, 

cardiovascular disease, 

and NAFLD fibrosis 

score 

Both-FLD group 

(adjusted-HR 1.50, 

95%CI 1.19–1.89), 

and MAFLD-only 

group (adjusted-HR 

1.97, 95%CI 1.49–

2.60), but not 

NAFLD-only group 
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Median follow-up: 

5.3 years 

MAFLD-only and 22.3% 

had both conditions 

(adjusted-HR 1.06, 

95%CI 0.63–1.79), 

had a higher risk of 

incident CKD. The 

switch from NAFLD 

to MAFLD criteria 

may identify a 

greater number of 

individuals at CKD 

risk 

Chen et al. 2023 

[39] 

Longitudinal study: 

337,783 participants 

from the UK Biobank. 

Median follow-up: 

12.8 years  

MAFLD was diagnosed 

by FLI ≥60; at baseline, 

38.7% had MAFLD  

ESRD: patients 

treated with chronic 

dialysis; 618 cases of 

incident ESRD  

Age, sex, systolic blood 

pressure, assessment 

center, deprivation 

index, smoking status, 

alcohol intake, fasting 

glucose, lipids, and 

serum transaminases 

MAFLD was 

associated with 

incident ESRD 

(adjusted-HR 2.03; 

95%CI 1.68-2.46). 

There were graded 

associations 

between non-

invasive liver 

fibrosis scores and 

the risk of ESRD in 

MAFLD cases. 

Furthermore, the 

risking alleles of 

PNPLA3 rs738409, 

TM6SF2 

rs58542926, GCKR 

rs1260326 and 

MBOAT7 rs641738 

amplified the 

MAFLD effect on 

ESRD risk 

Tanaka et al. 

2023 [40] 

Longitudinal study: 

13,159 Japanese 

adult individuals who 

received annual 

health examinations. 

Mean follow-up: 6.3 

years 

NAFLD and MAFLD 

were diagnosed by 

ultrasonography. 

Patients were 

categorized in NAFLD 

or MAFLD; at baseline, 

the prevalence rates of 

NAFLD and MAFLD 

were 32.8% and 32.3%, 

respectively 

eGFR <60 

mL/min/1.73 m2 or 

proteinuria; 2163 

cases of incident CKD 

Age, sex, baseline eGFR, 

smoking, ischemic heart 

disease, diabetes 

mellitus, 

overweight/obesity, 

hypertension, and 

dyslipidemia 

MAFLD (adjusted-

HR 1.12; 95%CI 

1.02–1.26), but not 

NAFLD, was 

associated with a 

higher risk of 

incident CKD. The 

addition of MAFLD 

to traditional renal 

risk factors 

significantly 

improved the 

discriminatory 

capacity to predict 

CKD 

 1069 
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Abbreviations: CI, confidence interval, eGFR, estimated glomerular filtration rate; ESRD, end-stage renal disease; FLD, fatty liver disease; FLI, fatty 1070 
liver index; HR, hazard ratio; MAFLD, metabolic dysfunction-associated fatty liver disease; NAFLD, nonalcoholic fatty liver disease; NFS, NAFLD fibrosis 1071 
score.  1072 
 1073 

 1074 

 1075 


