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Abstract: The association between non-alcoholic fatty liver disease (NAFLD) and chronic kidney
disease (CKD) has been extensively demonstrated. Recent studies have focused attention on the role
of patatin-like phospholipase domain-containing 3 (PNPLA3) rs738409 polymorphism in the associ-
ation between NAFLD and CKD in non-metabolic adults and children, but the genetic impact on
NAFLD-CKD association is still a matter of debate. The aim of the study was to investigate the impact
of PNPLA3, transmembrane 6 superfamily member 2 (TM6SF2), membrane-bound O-acyltransferase
domain containing 7 (MBOAT7) and glucokinase regulatory protein (GCKR) gene variants rather
than metabolic syndrome features on renal function in a large population of NAFLD patients. The
present study is a post hoc analysis of the Plinio Study (ClinicalTrials.gov: NCT04036357). PNPLA3,
TM6SF2, MBOAT7 and GCKR genes were analyzed by using real-time PCR with TagMan probes.
Glomerular filtration rate (GFR) was estimated with CKD-EPI. We analyzed 538 NAFLD; 47.2% had
GFR < 90 mL/min/1.73 m? while 5.9% had GFR < 60 mL/min/1.73 m?. The distribution of geno-
types was superimposable according to GFR cut-offs. Results from the multivariable regression
model did not show any correlation between genotypes and renal function. Conversely, metabolic
syndrome was highly associated with GFR <90 mL/min/1.73 m? (odds ratio (OR): 1.58 [1.10-2.28])
and arterial hypertension with GFR < 60 mL/min/1.73 m? (OR: 1.50 [1.05-2.14]). In conclusion, the
association between NAFLD and CKD might be related to the shared metabolic risk factors rather
than the genetic NAFLD background.

Keywords: non-alcoholic fatty liver disease; chronic kidney disease; renal function; glomerular
filtration rate; kidney; PNPLA3; TM6SF2; MBOAT7; GCKR

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most common liver disorder world-
wide and is becoming a growing global health problem [1]. NAFLD is the major cause
of end-stage liver disease but is also associated with numerous metabolic comorbidities
such as obesity, type 2 diabetes, hyperlipidemia, hypertension, sleep apnea and metabolic
syndrome (MetS), increasing the risk for cardiovascular disease (CVD) [2-6].

Recently, it has been demonstrated that NAFLD patients are also at increased risk for
chronic kidney disease (CKD) [7]. The risk apparently rises with the worsening of NAFLD
severity [8]. The pathogenesis of the association between NAFLD and CKD could be
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multifactorial and has not been completely clarified. NAFLD is often considered the main
hepatic manifestation of metabolic syndrome (MetS) [9]. In addition, MetS has been clearly
associated with CKD [10] and might represent the link between NAFLD and CKD [11].
However, some data have suggested that the association between NAFLD and CKD might
be independent of traditional cardiovascular risk factors [12,13].

Beyond metabolic risk factors, NAFLD pathogenesis shows a heritable underpinning,
with some genes involved in the pathophysiology of liver fat accumulation and its hep-
atic consequences [14], but not in the associated atherosclerotic damage [15]. Recent data
suggested that one of these genes, the nucleotide polymorphism in the patatin-like phos-
pholipase domain-containing protein-3 (PNPLA3), might be involved in the association
between CKD and NAFLD. The PNPLA3 rs738409 C > G single nucleotide polymorphism
is the most common gene variant associated with NAFLD [16]. Recent evidence suggested
that the PNPLA3 1148M variant might be associated with a reduction in the estimated
glomerular filtration rate (eGFR) or CKD development irrespective of common renal risk
factors and presence or severity of NAFLD in both adults and children [17-19]. However,
other studies have advocated for this association, suggesting that the genetic background
might not influence the eGFR reduction, which in turn might be linked to the overlapping
of cardiometabolic factors [20].

To complicate this scenario, beyond PNPLA3, other single nucleotide polymorphisms
(SNPs) have been shown to be associated with the development of NAFLD. Among these,
the stronger association was found with the rs58542926 in transmembrane 6 superfamily
member 2 (TM6SF2) gene and, less consistently, with the rs1260326 in the glucokinase
regulatory protein (GCKR) and the rs641738 in the membrane-bound O-acyltransferase
domain containing 7 (MBOAT?) genes [16]. To date, poor data are available on the effect of
these genes on eGFR [20].

As the impact of hepatic fat accumulation per se on CKD is still a matter of debate, we
aim to investigate the influence of PNPLA3, TM6SF2, MBOAT7 and GCKR genetic variants
on renal function in a large population of adult NAFLD patients.

As the impact of hepatic fat accumulation per se on CKD is still a matter of debate, we
aim to investigate whether NAFLD-associated gene variants in PNPLA3, TM6SF2, MBOAT7
and GCKR genes or the features of metabolic syndrome affect the decline of renal function
in a large population of adult NAFLD patients.

2. Materials and Methods

The present analysis is a post hoc analysis of the Plinio Study. (N. ClinicalTrials.gov
Identifier: NCT04036357, Last Access 18 March 2022). In brief, the Plinio study is an
observational prospective study aimed at investigating biochemical and pharmacological
factors associated with fibrosis progression, identified as variations in noninvasive fibrosis
scores, and the study of the association between NAFLD and CVD in a large population of
patients with an ultrasonography diagnosis of fatty liver disease. Overall, 538 consecutive
NAFLD patients with available renal function data, screened at the Day Service of Internal
Medicine of the Policlinico Umberto I University Hospital in Rome, were included in the
present analysis. All patients provided signed written informed consent at entry. The
study protocol was approved by the local ethical board of Sapienza University of Rome
(Ref. 2277 prot. 873/11) and the study was carried out according to the principles of the
Declaration of Helsinki.

2.1. Clinical and Laboratory Workup

The inclusion criteria of the Plinio study are the presence of at least one of the follow-
ing cardiometabolic diseases: arterial hypertension, overweight/obesity, type 2 diabetes,
dyslipidemia, atrial fibrillation (AF) or metabolic syndrome (MetS). The exclusion criteria
are: history of current or past excessive alcohol drinking as defined by an average daily
consumption of alcohol > 20 g; presence of hepatitis B surface antigen and antibody to
hepatitis C virus; history and clinical, biochemical and ultrasound findings consistent with
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cirrhosis and other chronic liver diseases; history of prior CVD and no current supplemen-
tation with vitamin E and other antioxidants. Among the Plinio population, only patients
without known present or past kidney disease and who were diagnosed with NAFLD were
included in the present sub-analysis.

All patients underwent a complete physical examination and ultrasonographic evalua-
tion for liver steatosis (see below). Type 2 diabetes, hypertension as well as pharmacological
treatments have been retrieved. The presence of arterial hypertension [21] and type 2 dia-
betes [22] was defined following international guidelines. Patients were defined as affected
by MetS if more than three criteria were present [23]. Glomerular filtration rate was
estimated according to the CKD Epidemiology Collaboration (CKD-EPI) equation [24]
and diagnosis of CKD was performed on the basis of the more recent Kidney Disease:
Improving Global Outcomes (KDIGO) guideline [25].

All ultrasound scanning (US) was performed by the same operator, who was blinded
to laboratory values using a GE VividS6 apparatus equipped with a convex 3.5 MHz
probe to reduce the discrepancies related to ultrasound techniques. The US was used to
assess the degree of liver steatosis. Liver steatosis was defined according to Hamaguchi
criteria based on the presence of abnormally intense, high-level echoes arising from the
hepatic parenchyma; liver-kidney difference in echo amplitude; echo penetration into deep
portions of the liver; and clarity of liver blood vessel structure [26].

Laboratory tests were performed on early-morning blood samples collected after an
overnight fast in EDTA-containing tubes. Samples were delivered to the laboratory within
2 h. Tubes were centrifuged at 3000 rpm at 4 °C for 10 min to separate the plasma and buffy
coat layers. The latter were stored at —80 °C and used later for genotype analysis.

Liver enzymes (alanine transaminase (ALT), aspartate transferase (AST), gamma
glutamyl transferase (yGT)), HCV and hepatitis B virus antibodies, hematology, serum
creatinine and coagulation were determined using standard procedures. Serum cholesterol
(total and HDL fraction) and triglycerides (TG) were measured with an Olympus AN
560 apparatus using an enzymatic colorimetric method. Low-density lipoprotein (LDL)
cholesterol levels were calculated according to the Friedewald formula. A Roche/Hitachi
COBAS CE 6000 analyzer was used to determine plasma glucose and plasma insulin
levels. The former was measured with the hexokinase/glucose-6-phosphate dehydroge-
nase (HK/G6P-DH) method (Roche Diagnostic GmbH, Mannheim, Germany) adapted
for use with the COBAS CE 6000; the latter was measured by electrochemiluminescence
immunoassay (Elecsys Insulin-Roche Diagnostic GmbH, D-68298 Mannheim) [14]. Us-
ing laboratory parameter, FIB4 index was used for estimating the severity of fibrosis
in NAFLD patients [27]; a positive FIB—4 was defined as FIB—4 > 2.67 while a nega-
tive FIB—4 was determined as FIB—4 < 1.30 in patients younger than 65 years or as
FIB—4 < 2.0 in patients over 65 years [28]. DNA was extracted from peripheral blood, as
reported elsewhere. The rs641738 C > G (1148M) (PNPLA3), rs58542926 C > T (E167K)
(TM6SF2), 151260326 C > T (L446P) (GCKR) and rs641738 C > T (G17E) (MBOAT7-TMC4)
were genotyped by TagMan 5’-Nucleotidase assay by using ABI PRISM 7900 HT Sequence
Detection System (Applied Biosystems) [16,29]. The TagMan assays were validated by
direct resequencing of representative samples of DNA on an ABI PRISM 3130 XL Genetic
Analyzer. Allele frequencies were in Hardy—Weinberg equilibrium in all subject groups.
The genetic risk score (GRS) was calculated based on the four selected SNPs, as previously
described [16]. Both described methods were used to calculate the GRS: a simple count
method (unweighted GRS) and a weighted method (weighted GRS) [17].

2.2. Statistical Analysis

Categorical variables were reported as counts (percentages) and continuous variables
as means =+ standard deviation (SD) or median and interquartile range (IQR) unless other-
wise indicated. Categorical variables were tested by the chi-square test. Normal distribution
of parameters was assessed by Kolmogorov-Smirnov test. The Student’s unpaired ¢-test
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was used for normally distributed continuous variables, the Mann-Whitney U test for the
non-normally distributed ones.

The association between NAFLD and CKD was estimated by considering two end-
points: (1) mild eGFR reduction defined as an eGFR below 90 mL/min/1.73 m?; and
(2) moderate eGFR reduction defined as an eGFR below 60 mL/min/1.73 m?. Therefore,
the analysis was conducted comparing: (1) NAFLD patients with mild eGFR reduction to
those with normal eGFR; and (2) NAFLD patients with moderate eGFR reduction to those
without it.

Then, genotype frequencies were assessed for Hardy—Weinberg equilibrium using the
goodness-of-fit x2 test. The four SNPs were tested using additive, dominant and recessive
genetic models. We also conducted a sensitivity analysis by calculating alternative GRS by
excluding one genetic variant at a time to check for the robustness of associations between
the four NAFLD-associated risk alleles and the decline of eGFR. The dominant model of
inheritance for the PNPLA3 gene variant was chosen as the best in our cohort to estimate
associations with eGFR values. In this analysis, the presence of PNPLA3 15738409 CG + GG
and CC genotypes was combined with covariates that emerged as potential confounding
factors because of their significance in univariable regression analyses or their biological
plausibility. Multivariable logistic regression analyses were performed to assess factors
associated with mild eGFR reduction and moderate eGFR reduction. All dichotomous
variables were included in the models. Model A included MetS diagnosis and PNPLA3
genotype. Model B included PNPLA3 genotype and all the components of MetS score:
hypertension, hypertriglyceridemia, hyperglycemia, low HDL cholesterol and increased
waist circumference. In Model C, arterial hypertension and diabetes diagnosis substitute for
the “high blood pressure” and “high blood glucose” items of the MetS score, respectively.
Model D was similar to Model A but included the weighted GRS instead of PNPLA3
genotype. Collinear variables and variables used for the eGFR calculation were excluded
from the multivariable analysis. Supplementary analyses were performed, adding age as
a covariate.

The area under the receiver operating characteristic curve (AUROC) and its 95% C.I.
were calculated for unweighted and weighted GRS on both outcomes.

Propensity score matching (PSM) was performed to match patients with PNPLA3 GG
genotype to patients with PNPLA3 CC genotype according to age, sex, MetS and arterial
hypertension. Match tolerance was set to 0.005, without replacement.

All statistical analyses were performed using SPSS software version 27.0 (SPSS Inc.,
Chicago, IL, USA). A 2-sided p value < 0.05 was considered to be statistically significant.

3. Results

We included 538 patients in the analysis; 38.5% (207/538) were female. The mean age
was 54.5 & 11.6 years and the mean BMI was 30.4 & 5.0 kg/m?. The median eGFR in the
whole cohort was 91.5 [79.4-101.1] mL/min/173 m? and the prevalence of patients with
mild eGFR reduction (eGFR < 90 mL/min/1.73 m?) was 47.2%, while only 5.9% of patients
had moderate eGFR reduction (eGFR < 60 mL/min/1.73 m?). We found no difference
in median eGFR values according to PNPLA3, TM6SF2, MBOAT7 and GCKR genotypes
(Figure 1). Relatedly, the distribution of all genotypes was superimposable in the different
eGFR subpopulations (Figure S1).

The prevalence of hypertension was higher considering both groups of NAFLD
patients with mild and moderate eGFR reduction (64.2% vs. 54.9%, p = 0.029 in mild;
78.1% vs. 58.1%, p = 0.025 in moderate). In addition, patients with mild eGFR reduction
also showed higher prevalence of high blood pressure according to MetS definition as com-
pared with those with normal eGFR (75.2% vs. 67.3%, p = 0.048). Patients with mild eGFR
reduction also exhibited a higher frequency of MetS as compared to others (63.0% vs. 54.6%,
p = 0.048) (Table 1).
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Figure 1. Box plots of eGFR according to PNPLA3 (Panel A), MBOAT? (Panel B), TM6SF2 (Panel C)
and GCKR (Panel D) genotypes.

Table 1. Patients’ characteristics according to reduced eGFR.

eGFR > 90 eGFR <90 eGFR > 60 eGFR < 60
Variables mL/min/1.73 m? mL/min/1.73 m? P mL/min/1.73 m? mL/min/1.73 m? P
(n =284) (n =254) (n = 506) (n=32)

Age (y) 50.7 £ 10.9 58.7 =109 <0.001 539+114 64.5+11.1 <0.001
Women (%) 37.7 39.4 0.687 38.5 37.5 0.907
BMI (kg/m?) 30.6 +£5.3 30.1+47 0.262 304 +51 30.0+£3.5 0.681
Blood glucose (mg/dL) 105.0 +30.3 105.1 + 26.8 0.964 105.2 + 28.8 102.3 £ 26.3 0.578
High blood glucose (%) * 437 52.0 0.054 48.0 40.6 0.416
Type II Diabetes (%) 275 29.5 0.596 28.7 25.0 0.657
Waist circumference (cm) 107.7 £12.5 106.6 £ 11.1 0.285 107.3 £12.1 106.6 £ 8 0.684
High waist circumference (%) * 79.9 81.1 0.732 80.2 84.4 0.567
High blood pressure (%) * 67.3 752 0.043 70.8 75.0 0.607
Arterial hypertension (%) 54.9 64.2 0.029 58.1 78.1 0.025
HOMA-IR 3.2(2.3-5.0) 3.4 (2.5-5.6) 0.086 3.3(2.3-5.5) 3.2(2.4-4.5) 0471
Total cholesterol (mg/dL) 201.4 +40.8 198.4 +£39.9 0.393 200.5 +40.9 192.2 +30.5 0.261
HDL cholesterol (mg/dL) 48.0 +13.2 47.7 = 14.7 0.805 479 +14.1 48.0 =124 0.971
Low HDL cholesterol (%) * 39.8 38.2 0.704 39.1 37.5 0.855
LDL cholesterol (mg/dL) 121.6 £ 36.1 120.1 £ 34.3 0.603 121.3 £ 35.6 1149 £ 28.6 0.323
Triglycerides (mg/dL) 136.0 (100.0-186.0)  135.0 (110.0-170.0) 0.766 57.9 68.8 0.227
High triglycerides (%) * 415 429 0.749 415 53.1 0.197
Metabolic syndrome (%) * 54.6 63.0 0.048 57.9 68.8 0.227
GGT (IU/L) 28.0 (18.0-49.5) 27.0 (18.0-40.0) 0.123 28.0 (18.0-43.0) 28.0 (17.0-43.7) 0.866
ALT (IU/L) 30.0 (20.0-46.5) 26.0 (19.0-39.0) 0.029 28.0 (20.0-43.0) 25.0 (15.5-33.2) 0.075
AST (IU/L) 22.0 (18.0-29.0) 21.0 (18.0-27.0) 0.517 21.0 (18.0-28.0) 21.0 (16.5-30.7) 0.962
FIB4— (%) 84.2 823 0.561 83.8 75.0 0.196
FIB4+ (%) 2.1 2.8 0.628 2.6 0 0.359
Severe steatosis (%) 324 373 0.234 35.5 219 0.116

* According to ATP III modified criteria [24].
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At univariable , mild eGFR reduction correlated with MetS (odds ratio (OR))
and 95% of confidence interval (C.I.) for OR: 1.42 (1.00-2.00)), high blood pressure
(OR: 1.48 (1.01-2.15)) and arterial hypertension (Table 2, panel A). Instead, moderate eGFR
reduction correlated only with arterial hypertension (OR: 2.57 (1.09-6.06)). (Table 2, panel
B). After adjustment for confounders, MetS (aOR: 1.58 (1.10-2.28)) and arterial hypertension
(aOR: 1.50 (1.05-2.14)) correlated with mild eGFR reduction (Table 2, panel A) while only
arterial hypertension (2.79 (1.16-6.68)) correlated with moderate eGFR reduction (Table 2,
panel B). On the contrary, none of the four gene variants and genotypes or the calculated
weighted /unweighted GRS, nor the univariable or the multivariable analyses correlated
with mild or moderate eGFR reduction (Table 2 and Table S1).

It must be noted that to explore the presence of a specific weighted or unweighted
GRS cut off that could accurately identify patients with mild or moderate eGFR
reduction, we also performed ROC analyses. However, AUROCs were not significant
(Figure S2). We further conducted an additional multivariable analysis, including
age as covariate, confirming previous results (Table S2). No significant correlation
between PNPLA3 genotype, GRS score and eGFR was found. It is noteworthy that,
in the same analysis, after including age as covariate, the associations between
mild GFR reduction and high blood pressure as well as between moderate GFR
and hypertension were lost (Table S2). This effect might be driven by the high
correlation between age and MetS (OR: 1.04 (1.02-1.05)) and arterial hypertension
(OR: 1.07 (1.05-1.09)) (Table S3).

To further confirm our results, we tested the propensity score matching methods
including sex, age, MetS and arterial hypertension as covariates. Sixty-four patients
with PNPLA3 GG genotype were matched with 64 patients with PNPLA3 CC genotype
without finding any difference in median eGFR values (GG vs. CC: 93.7 (82.0-104.8)
vs. 94.6 (81.2-104.2) mL/min/1.73 m?, p = ns) (Table S4).

Table 2. Univariable and multivariable analyses of factors associated with reduced GFR.

Panel A. Factors Associated with eGFR < 90 mL/min/1.73 m?2

Variables E:;lvyasrl‘sal(’)l; Model A OR Model B OR Model C OR Model D OR
(95% C.1) (95% C.1.) (95% C.I.) (95% C.I.) (95% C.L.)

BMI 0.98 (0.95-1.01)  0.97 (0.93-1.01) - - 0.97 (0.93-1.01)

Metabolic syndrome 1.42 *(1.00-2.00)  1.58 * (1.10-2.28) - - 1.58 * (1.10-2.27)

FIB4— 0.87 (0.56-1.38) 0.89 (0.56-1.41) 0.94 (0.59-1.50) 0.92 (0.58-1.47) 0.88 (0.56-1.40)
PNPLA3 CG/GG 116 (0.83-1.63)  1.12(0.79-1.59)  1.19 (0.84-1.68)  1.20 (0.85-1.71) -
High blood glucose # 1.40 (0.99-1.96) - 1.32 (0.92-1.68) - -
Diabetes 1.11 (0.76-1.61) - - 0.99 (0.67-1.47) -

High waist circumference

#

1.08 (0.70-1.65)

0.97 (0.62-1.52)

1.04 (0.67-1.61)

High blood pressure #

1.48* (1.01-2.15)

1.41 (0.96-2.08)

Arterial hypertension

1.47 * (1.04-2.08)

1.50 * (1.05-2.14)

Low HDL cholesterol #

0.93 (0.66-1.32)

0.91 (0.62-1.32)

0.87 (0.60-1.27)

High triglycerides #

1.06 (0.75-1.49)

1.07 (0.73-1.55)

1.12 (0.77-1.63)

Weighted GSR

1.24 (0.64-2.39)

1.19 (0.61-2.33)
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Table 2. Cont.
Panel B. Factors Associated with eGFR < 60 mL/min/1.73 m?
Variables f:;;’ asri‘:I(’)lIe{ Model A OR Model B OR Model C OR Model D OR
Y (95% C.1) (95% C.1) (95% C.L) (95% C.1.)
(95% C.I.)
BMI 0.98 (0.91-1.06)  0.96 (0.89-1.05) - - 0.96 (0.89-1.04)
Metabolic syndrome 1.60 (0.74-3.45) 1.72 (0.77-3.85) - - 1.72 (0.77-3.84)
FIB4— 0.58 (0.25-1.34) 0.57 (0.24-1.33) 0.54 (0.23-1.28) 0.60 (0.25-1.41) 0.57 (0.24-1.33)
PNPLA3 CG/GG 0.98 (0.48-2.01)  0.91(0.44-1.90)  1.01(0.48-2.11)  1.09 (0.52-2.28) -
High blood glucose # 0.74 (0.36-1.53) - 0.59 (0.27-1.28) - -
Diabetes 0.83 (0.36-1.89) - - 0.62 (0.260-1.45) -

High waist circumference #

1.33 (0.50-3.54)

1.40 (0.51-3.87)

1.26 (0.46-3.46)

High blood pressure #

1.24 (0.54-2.82)

1.31 (0.56-3.04)

Arterial hypertension

2.57 * (1.09-6.06)

2.79* (1.16-6.68)

Low HDL cholesterol #

0.93 (0.45-1.95)

0.80 (0.36-1.77)

0.70 (0.32-1.57)

High triglycerides #

1.60 (0.78-3.27)

1.77 (0.82-3.86)

1.82 (0.83-3.98)

Weighted GSR

0.92 (0.23-3.65)

0.80 (0.20-3.28)

# According to ATP III modified criteria [24]; * p < 0.05. Model A: including BMI, metabolic syndrome, PNPLA3
GG/CG and FIB4—. Model B: including components of metabolic syndrome (namely, high blood glucose, high
waist circumference, high blood pressure, low HDL cholesterol, high triglycerides) instead of the composite score,
PNPLA3 GG/CG genotype and FIB4—. Model C: including arterial hypertension instead of high blood pressure,
diabetes instead of high blood glucose, high waist circumference, low HDL cholesterol, triglycerides, PNPLA3
GG/CG genotype and FIB4—. Model D: including BMI metabolic syndrome, weighted GRS and FIB4—.

4. Discussion

Nonalcoholic fatty liver disease is associated with an increased risk of CKD in adults.
However, it is uncertain whether this association is influenced by NAFLD susceptibility
gene variants or metabolic disorder load characterizing NAFLD patients. To our knowledge,
this is the first study investigating the relationship between the four major NAFLD risk
alleles in PNPLA3, TM6SF2, GCKR and MBOAT7 genes and kidney function in a large
population of 538 adult patients. We demonstrated that NAFLD susceptibility variants had
no impact on eGFR decline and MetS was the major factor independently associated with
impaired GFR.

Previous studies described a possible link between PNPLA3 gene variant and
renal function in patients with or without NAFLD. Most of these studies were per-
formed in children with NAFLD. Targher and colleagues [17] found that in 142 chil-
dren with biopsy-proven NAFLD, those with PNPLA3 GG genotype had lower eGFR
(107.5 4+ 20 vs. 112.8 4 18 vs. 125.3 & 23 mL/min/1.73 m?, p = 0.002) compared to those
with CG and CC genotypes, respectively. However, these patients showed a very high
prevalence of PNPLA3 G allele which probably represented the main pathophysiological
cause of their severe liver disease. Later, these data were confirmed by Marzuillo et al. [30],
who found a reduction in eGFR in obese children. However, the association persisted after
adjustment for metabolic risk factor only in patients with NAFLD. These findings are in line
with the recent work by Di Costanzo and colleagues [20] which found an association be-
tween PNPLA3 G risk allele and eGFR in obese children with NAFLD, even after adjustment
for BMI and hepatic fat fraction. However, when authors tested the association between the
NAFLD susceptibility gene variant and eGFR reduction in the whole cohort, NAFLD was
the only factor associated with GFR reduction, thus demonstrating that fatty liver and the
shared metabolic risk factors have a stronger effect on the decline of renal function than the
PNPLA3 G risk allele. Interestingly, in this study, TM6SF2, GCKR and MBOAT7 variants
did not show any impact on kidney function. While data are substantially homogeneous in
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children, studies are contradictory in adults. In two different studies performed in elderly
patients (mean age around 70 years) with type 2 diabetes, Mantovani and colleagues [19,31]
found lower eGFR and higher prevalence of CKD in those carrying the PNPLA3 rs738409
polymorphism, independently from NAFLD. By contrast, in studies conducted in younger
adult populations, the association was weaker or missing. Dan-Qin Sun et al. [32] found
no association between PNPLA3 genotypes in their whole population of 217 histologically
proven NAFLD but only in the subgroup of 75 patients with persistently normal ALT.
Finally, Yuya Seko et al. [33], in the largest cohort previously investigated of biopsy-proven
NAFLD patients (n = 344), found that PNPLA3 genotypes were not associated with baseline
eGFR nor with eGFR decline and the development of CKD at the end of follow-up. Our
data are in accordance with those from Yuya Seko and Dan-Qin Sun.

As in their study, patients included in the present analysis are almost middle aged,
different from the older ones included in the study from Mantovani [19,31]. In addition,
Mantovani and colleagues evaluated cohorts composed exclusively of diabetic patients and
results could not necessarily be extended to all NAFLD population, diabetes being only
one of the risk factors for liver steatosis. In addition, one of these studies was performed
only in post-menopausal women, amplifying the possible confounders.

Unlike previous studies, we also investigated, in an adult population, the combined
effect of all NAFLD genetic risk variants on renal function. The weighted GRS combining
PNPLA3, GCKR and TM6SF2 risk alleles has already been associated with almost eightfold
higher risk of NAFLD in obese children, being a useful tool to predict liver fat accumulation.
According to what was found by Di Costanzo et al. [20], the NAFLD GRS did not show any
detrimental effect on renal function in obese children.

In our study, we found that MetS and arterial hypertension, among its components,
are the only factors independently associated with impaired GFR. These findings confirm,
firstly in NAFLD patients, what was previously observed in the general population [34-36].

We speculate that the association between PNPLA3 rs738409 polymorphism and
eGFR found in children might be a consequence of the higher allele variant frequency
and the lower exposure time to metabolic risk factors in NAFLD children. Conversely,
environmental risk factors for NAFLD become prevalent in adults, as demonstrated by the
association we found between MetS and patients” age, influencing renal function in turn.
Based on these considerations, we cannot exclude that the development of CKD in NAFLD
patients can be multifactorial, being determined by the accumulation in the same patient of
both metabolic and genetic risk factors, especially with the older age that we know to be
one of the strongest determinants of eGFR decline.

Our study has some strengths. We carefully defined patients according to the four
major NAFLD susceptibility gene variants, both considering each polymorphism alone
and including them in a genetic risk score. In addition, compared to other studies, our
study population is more representative of the complex physiopathology of NAFLD in
adult patients with diversified metabolic profile and demographic characteristics.

Our study also has some limitations that should be mentioned. First, NAFLD diagnosis
was performed by ultrasonography which does not represent the gold standard for NAFLD
diagnosis. However, due to the high invasiveness of liver biopsy, US is the more widely used
technique for the screening of NAFLD in routine practice. In addition, the US has a specificity
of around 100% for NAFLD [1] and our study includes only patients with US-NAFLD.

Second, we did not measure GFR but it is estimated by a validated equation. In
addition, we did not retrieve data on albuminuria so that CKD diagnosis, due to the post
hoc design of the study, can be estimated only when an eGFR is below 60 mL/min/1.73 m?,
but we cannot exclude the presence of albuminuria > 30 mg/g in some patients with eGFR
above 60 mL/min/1.73 m2. Finally, we cannot exclude residual confounding as a result of
unmeasured risk factors.
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5. Conclusions

Our results show that in a large cohort of NAFLD adult patients, the major contribution
to eGFR decline is the presence of metabolic syndrome, mainly arterial hypertension. None
of the NAFLD-associated genetic risk variants contributed to eGFR decline, suggesting
that in adult patients, metabolic risk factors are more important that genotype for renal
function changes.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /biomedicines10030720/s1, Table S1: Multivariate analyses of factors
associated with reduced GFR including PNPLAS3 recessive and additive model and unweighted GRS;
Table S2. Multivariate analysis including age as covariate. Table S3. Univariate correlation between
age, MetS and arterial hypertension; Table S4. Propensity scores match of patient with PNPLA3 GG
and CC genotypes according to age, sex, metabolic syndrome and arterial hypertension; Figure S1.
PNPLA3 (panel A), MBOAT? (panel B), TM6SF2 (panel C) and GCKR (panel D) genotypes prevalence
according to eGFR; Figure 52: ROC curve of unweighted and unweighted GRS for the detection of
GFR < 90 mL/min/1.73 m? (panel A) and of GFR < 60 mL/min/1.73 m? (panel B).

Author Contributions: Conceptualization, F.B., L.D. and M.D.B.; methodology, A.D.C.; formal
analysis, F.B., L.D. and D.P; investigation, I.U. and A.D.C.; data Curation, EB., I.U. and A.D.C,;
writing—original draft preparation, EB., L.D., L.U. and A.D.C.; writing—review and editing, D.P,,
F.A. and M.D.B,; supervision, FA. and M.D.B.; project administration, M.D.B. All authors have read
and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board (or Ethics Committee) of Sapienza
University of Rome (Ref. 2277 prot. 873/11).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.  Wong, WK.; Chan, W.K. Nonalcoholic Fatty Liver Disease: A Global Perspective. Clin. Ther. 2021, 43, 473-499. [CrossRef]
[PubMed]

2. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global burden of NAFLD and
NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11-20. [CrossRef] [PubMed]

3. Lonardo, A.; Nascimbeni, F.; Mantovani, A.; Targher, G. Hypertension, diabetes, atherosclerosis and NASH: Cause or consequence?
J. Hepatol. 2018, 68, 335-352. [CrossRef] [PubMed]

4. Pastori, D.; Baratta, F.; Novo, M.; Cocomello, N.; Violi, E; Angelico, F,; Del Ben, M. Remnant Lipoprotein Cholesterol and
Cardiovascular and Cerebrovascular Events in Patients with Non-Alcoholic Fatty Liver Disease. J. Clin. Med. 2018, 7, 378.
[CrossRef]

5. Baratta, F; Pastori, D.; Polimeni, L.; Bucci, T.; Ceci, F.; Calabrese, C.; Ernesti, I.; Pannitteri, G.; Violi, F.; Angelico, E; et al.
Adherence to Mediterranean Diet and Non-Alcoholic Fatty Liver Disease: Effect on Insulin Resistance. Am. ]. Gastroenterol. 2017,
112, 1832-1839. [CrossRef]

6.  Umbro, I; Fabiani, V.; Fabiani, M.; Angelico, F; Del Ben, M. Association between non-alcoholic fatty liver disease and obstructive
sleep apnea. World ]. Gastroenterol. 2020, 26, 2669-2681. [CrossRef]

7. Umbro, I; Baratta, F.; Angelico, F.; Del Ben, M. Nonalcoholic Fatty Liver Disease and the Kidney: A Review. Biomedicines 2021,
9, 1370. [CrossRef]

8.  Mantovani, A.; Petracca, G.; Beatrice, G.; Csermely, A.; Lonardo, A.; Schattenberg, ].M.; Tilg, H.; Byrne, C.D.; Targher, G.

Non-alcoholic fatty liver disease and risk of incident chronic kidney disease: An updated meta-analysis. Gut 2020, 71, 156-162.
[CrossRef]


https://www.mdpi.com/article/10.3390/biomedicines10030720/s1
https://www.mdpi.com/article/10.3390/biomedicines10030720/s1
http://doi.org/10.1016/j.clinthera.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33526312
http://doi.org/10.1038/nrgastro.2017.109
http://www.ncbi.nlm.nih.gov/pubmed/28930295
http://doi.org/10.1016/j.jhep.2017.09.021
http://www.ncbi.nlm.nih.gov/pubmed/29122390
http://doi.org/10.3390/jcm7110378
http://doi.org/10.1038/ajg.2017.371
http://doi.org/10.3748/wjg.v26.i20.2669
http://doi.org/10.3390/biomedicines9101370
http://doi.org/10.1136/gutjnl-2020-323082

Biomedicines 2022, 10, 720 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Angelico, F; Del Ben, M.; Conti, R.; Francioso, S.; Feole, K.; Fiorello, S.; Cavallo, M.G.; Zalunardo, B.; Lirussi, E;
Alessandri, C.; et al. Insulin resistance, the metabolic syndrome, and nonalcoholic fatty liver disease. J. Clin. Endocrinol.
Metab. 2005, 90, 1578-1582. [CrossRef]

Thomas, G.; Sehgal, A.R.; Kashyap, S.R.; Srinivas, T.R; Kirwan, J.P.; Navaneethan, S.D. Metabolic syndrome and kidney disease:
A systematic review and meta-analysis. Clin. J. Am. Soc. Nephrol. 2011, 6, 2364-2373. [CrossRef]

Cheung, A.; Ahmed, A. Nonalcoholic Fatty Liver Disease and Chronic Kidney Disease: A Review of Links and Risks. Clin. Exp.
Gastroenterol. 2021, 14, 457-465. [CrossRef] [PubMed]

Targher, G.; Chonchol, M.B.; Byrne, C.D. CKD and nonalcoholic fatty liver disease. Am. |. Kidney Dis. 2014, 64, 638-652. [CrossRef]
[PubMed]

Musso, G.; Gambino, R.; Tabibian, J.H.; Ekstedt, M.; Kechagias, S.; Hamaguchi, M.; Hultcrantz, R.; Hagstrém, H.; Yoon, S.K,;
Charatcharoenwitthaya, P; et al. Association of non-alcoholic fatty liver disease with chronic kidney disease: A systematic review
and meta-analysis. PLoS Med 2014, 11, e1001680. [CrossRef] [PubMed]

Del Ben, M.; Polimeni, L.; Brancorsini, M.; Di Costanzo, A.; D’Erasmo, L.; Baratta, F.; Loffredo, L.; Pastori, D.; Pignatelli, P;
Violi, F; et al. Non-alcoholic fatty liver disease, metabolic syndrome and patatin-like phospholipase domain-containing protein3
gene variants. Eur. |. Intern. Med. 2014, 25, 566-570. [CrossRef]

Di Costanzo, A.; Ronca, A.; D’Erasmo, L.; Manfredini, M.; Baratta, F; Pastori, D.; Di Martino, M.; Ceci, E; Angelico, F,;
Del Ben, M.; et al. HDL-Mediated Cholesterol Efflux and Plasma Loading Capacities Are Altered in Subjects with Metabolically-
but Not Genetically Driven Non-Alcoholic Fatty Liver Disease (NAFLD). Biomedicines 2020, 8, 625. [CrossRef] [PubMed]

Di Costanzo, A.; Belardinilli, F; Bailetti, D.; Sponziello, M.; D’Erasmo, L.; Polimeni, L.; Baratta, F; Pastori, D.; Ceci, E;
Montali, A.; et al. Evaluation of Polygenic Determinants of Non-Alcoholic Fatty Liver Disease (NAFLD) By a Candidate Genes
Resequencing Strategy. Sci. Rep. 2018, 8, 3702. [CrossRef]

Targher, G.; Mantovani, A.; Alisi, A.; Mosca, A.; Panera, N.; Byrne, C.D.; Nobili, V. Relationship Between PNPLA3 rs738409
Polymorphism and Decreased Kidney Function in Children with NAFLD. Hepatology 2019, 70, 142-153. [CrossRef]

Musso, G.; Cassader, M.; Gambino, R. PNPLA3 rs738409 and TM6SF2 rs58542926 gene variants affect renal disease and function
in nonalcoholic fatty liver disease. Hepatology 2015, 62, 658-659. [CrossRef]

Mantovani, A.; Zusi, C.; Sani, E.; Colecchia, A.; Lippi, G.; Zaza, G.L.; Valenti, L.; Byrne, C.D.; Maffeis, C.; Bonora, E.; et al.
Association between PNPLA3rs738409 polymorphism decreased kidney function in postmenopausal type 2 diabetic women with
or without non-alcoholic fatty liver disease. Diabetes Metab. 2019, 45, 480—487. [CrossRef]

Di Costanzo, A.; Pacifico, L.; D’Erasmo, L.; Polito, L.; Martino, M.D.; Perla, EM.; lezzi, L.; Chiesa, C.; Arca, M. Nonalcoholic Fatty
Liver Disease (NAFLD), But not Its Susceptibility Gene Variants, Influences the Decrease of Kidney Function in Overweight/Obese
Children. Int. ]. Mol. Sci. 2019, 20, 4444. [CrossRef]

ESH/ESC Task Force for the Management of Arterial Hypertension. 2013 Practice guidelines for the management of arterial
hypertension of the European Society of Hypertension [ESH) and the European Society of Cardiology [ESC): ESH/ESC Task
Force for the Management of Arterial Hypertension. J. Hypertens. 2013, 31, 1925-1938. [CrossRef] [PubMed]

Rydén, L.; Grant, PJ.; Anker, S.D.; Berne, C.; Cosentino, F.; Danchin, N.; Deaton, C.; Escaned, J.; Hammes, H.P,; Huikuri, H.; et al.
ESC Guidelines on diabetes, pre-diabetes, and cardiovascular diseases developed in collaboration with the EASD: The Task
Force on diabetes, pre-diabetes, and cardiovascular diseases of the European Society of Cardiology (ESC) and developed in
collaboration with the European Association for the Study of Diabetes (EASD). Eur. Heart J. 2013, 34, 3035-3087. [CrossRef]
[PubMed]

Grundy, S.M.; Cleeman, ].I; Daniels, S.R.; Donato, K.A.; Eckel, R.H.; Franklin, B.A.; Gordon, D.J.; Krauss, R.M.; Savage, PJ.;
Smith, S.C., Jr.; et al. Diagnosis and management of the metabolic syndrome: An American Heart Association/National Heart,
Lung, and Blood Institute Scientific Statement. Circulation 2005, 112, 2735-2752. [CrossRef]

Levey, A.S.; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F; Feldman, H.L; Kusek, ] W.; Eggers, P.; Van Lente, F;
Greene, T.; et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med. 2009, 150, 604-612. [CrossRef]

Inker, L.A.; Astor, B.C.; Fox, C.H.; Isakova, T.; Lash, ].P; Peralta, C.A.; Kurella Tamura, M.; Feldman, H.I. KDOQI US commentary
on the 2012 KDIGO clinical practice guideline for the evaluation and management of CKD. Am. ]. Kidney Dis. 2014, 63, 713-735.
[CrossRef]

Hamaguchi, M.; Kojima, T.; Itoh, Y.; Harano, Y.; Fujii, K.; Nakajima, T.; Kato, T.; Takeda, N.; Okuda, J.; Ida, K.; et al. The severity
of ultrasonographic findings in nonalcoholic fatty liver disease reflects the metabolic syndrome and visceral fat accumulation.
Am. ]. Gastroenterol. 2007, 102, 2708-2715. [CrossRef] [PubMed]

Takeuchi, H.; Sugimoto, K.; Oshiro, H.; Iwatsuka, K.; Kono, S.; Yoshimasu, Y.; Kasai, Y.; Furuichi, Y.; Sakamaki, K.; Itoi, T. Liver
fibrosis: Noninvasive assessment using supersonic shear imaging and FIB4 index in patients with non-alcoholic fatty liver disease.
J. Med. Ultrason. 2018, 45, 243-249. [CrossRef]

McPherson, S.; Hardy, T.; Dufour, J.E; Petta, S.; Romero-Gomez, M.; Allison, M.; Oliveira, C.P.,; Francque, S.; Van Gaal, L,;
Schattenberg, ].M.; et al. Age as a Confounding Factor for the Accurate Non-Invasive Diagnosis of Advanced NAFLD Fibrosis.
Am. |. Gastroenterol. 2017, 112, 740-751. [CrossRef]

Di Costanzo, A.; Pacifico, L.; Chiesa, C.; Perla, EM.; Ceci, E; Angeloni, A.; D’Erasmo, L.; Di Martino, M.; Arca, M. Genetic and
metabolic predictors of hepatic fat content in a cohort of Italian children with obesity. Pediatric Res. 2019, 85, 671-677. [CrossRef]


http://doi.org/10.1210/jc.2004-1024
http://doi.org/10.2215/CJN.02180311
http://doi.org/10.2147/CEG.S226130
http://www.ncbi.nlm.nih.gov/pubmed/34819740
http://doi.org/10.1053/j.ajkd.2014.05.019
http://www.ncbi.nlm.nih.gov/pubmed/25085644
http://doi.org/10.1371/journal.pmed.1001680
http://www.ncbi.nlm.nih.gov/pubmed/25050550
http://doi.org/10.1016/j.ejim.2014.05.012
http://doi.org/10.3390/biomedicines8120625
http://www.ncbi.nlm.nih.gov/pubmed/33352841
http://doi.org/10.1038/s41598-018-21939-0
http://doi.org/10.1002/hep.30625
http://doi.org/10.1002/hep.27643
http://doi.org/10.1016/j.diabet.2019.01.011
http://doi.org/10.3390/ijms20184444
http://doi.org/10.1097/HJH.0b013e328364ca4c
http://www.ncbi.nlm.nih.gov/pubmed/24107724
http://doi.org/10.1093/eurheartj/eht108
http://www.ncbi.nlm.nih.gov/pubmed/23996285
http://doi.org/10.1161/CIRCULATIONAHA.105.169404
http://doi.org/10.7326/0003-4819-150-9-200905050-00006
http://doi.org/10.1053/j.ajkd.2014.01.416
http://doi.org/10.1111/j.1572-0241.2007.01526.x
http://www.ncbi.nlm.nih.gov/pubmed/17894848
http://doi.org/10.1007/s10396-017-0840-3
http://doi.org/10.1038/ajg.2016.453
http://doi.org/10.1038/s41390-019-0303-1

Biomedicines 2022, 10, 720 11 of 11

30.

31.

32.

33.

34.

35.

36.

Marzuillo, P,; Di Sessa, A.; Guarino, S.; Capalbo, D.; Umano, G.R.; Pedulla, M.; La Manna, A.; Cirillo, G.; Miraglia Del Giudice, E.
Nonalcoholic fatty liver disease and eGFR levels could be linked by the PNPLA3 I148M polymorphism in children with obesity.
Pediatric Obes. 2019, 14, €12539. [CrossRef]

Mantovani, A.; Taliento, A.; Zusi, C.; Baselli, G.; Prati, D.; Granata, S.; Zaza, G.; Colecchia, A.; Maffeis, C.; Byrne, C.D.; et al.
PNPLAS3 I148M gene variant and chronic kidney disease in type 2 diabetic patients with NAFLD: Clinical and experimental
findings. Liver Int. 2020, 40, 1130-1141. [CrossRef] [PubMed]

Sun, D.Q.; Zheng, K.I; Xu, G.; Ma, H.L.; Zhang, H.Y.; Pan, X.Y.; Zhu, PW.; Wang, X.D.; Targher, G.; Byrne, C.D.; et al. PNPLA3
rs738409 is associated with renal glomerular and tubular injury in NAFLD patients with persistently normal ALT levels. Liver Int.
2020, 40, 107-119. [CrossRef] [PubMed]

Seko, Y.; Yano, K.; Takahashi, A.; Okishio, S.; Kataoka, S.; Okuda, K.; Mizuno, N.; Takemura, M.; Taketani, H.; Umemura, A.; et al.
FIB-4 Index and Diabetes Mellitus Are Associated with Chronic Kidney Disease in Japanese Patients with Non-Alcoholic Fatty
Liver Disease. Int. . Mol. Sci. 2019, 21, 171. [CrossRef] [PubMed]

Prasad, G.V. Metabolic syndrome and chronic kidney disease: Current status and future directions. World J. Nephrol. 2014, 3,
210-219. [CrossRef] [PubMed]

Chang, A.R.; Léser, M.; Malhotra, R.; Appel, L.]. Blood Pressure Goals in Patients with CKD: A Review of Evidence and Guidelines.
Clin. J. Am. Soc. Nephrol. 2019, 14, 161-169. [CrossRef]

Cheung, A K,; Chang, T.I.; Cushman, W.C,; Furth, S.L.; Hou, FFE; Ix, ].H.; Knoll, G.A.; Muntner, P.; Pecoits-Filho, R.; Sarnak,
M.].; et al. Executive summary of the KDIGO 2021 Clinical Practice Guideline for the Management of Blood Pressure in Chronic
Kidney Disease. Kidney Int. 2021, 99, 559-569. [CrossRef]


http://doi.org/10.1111/ijpo.12539
http://doi.org/10.1111/liv.14419
http://www.ncbi.nlm.nih.gov/pubmed/32125756
http://doi.org/10.1111/liv.14251
http://www.ncbi.nlm.nih.gov/pubmed/31519069
http://doi.org/10.3390/ijms21010171
http://www.ncbi.nlm.nih.gov/pubmed/31881781
http://doi.org/10.5527/wjn.v3.i4.210
http://www.ncbi.nlm.nih.gov/pubmed/25374814
http://doi.org/10.2215/CJN.07440618
http://doi.org/10.1016/j.kint.2020.10.026

	Introduction 
	Materials and Methods 
	Clinical and Laboratory Workup 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

