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Abstract 

Background & Aims: Recent epidemiological studies have indicated that NAFLD is pathologically associated with a 
sedentary lifestyle, unhealthy dietary habits and metabolic syndrome. An umbrella review of meta-analyses was per-
formed to summarize the quality of evidence regarding the epidemiologic associations between lifestyle, metabolic 
syndrome, and non-alcoholic fatty liver disease (NAFLD) in regards to risk and treatment.

Methods: We searched PubMed, Web of Science and Embase Database from inception until June 1, 2021. Meta-
analyses of observational studies and randomized controlled trials (RCTs) examining the associations of lifestyle as 
well as metabolic syndrome with NAFLD risk or treatment were screened. We assessed meta-analyses of observational 
studies based on random-effect summary effect sizes and their P values, 95% prediction intervals, heterogeneity, and 
small-study effects. For meta-analyses of RCTs, outcomes with a random-effect P < 0.005 and a high-GRADE assess-
ment were classified as strong evidence.

Results: A total of 37 publications were included in this review: twenty-two publications reporting 41 meta-analyses 
of observational studies (37 unique outcomes) and 15 publications reporting 81 meta-analyses of RCTs (63 unique 
outcomes) met the inclusion criteria. Methodological quality was high for 97% of the included meta-analyses. Quality 
of evidence was rated high only for the association of sugar-sweetened soda consumption with increased NAFLD risk 
in meta-analyses of observational studies. Only 3 therapeutic interventions (green tea improving ALT, TG, TC and LDL, 
omega-3 PUFAs improving HOMR-IR and plasma glucose, and exercise improving RT and ALT) from meta -analyses of 
RCTs with suggestive (change to high/low/etc) levels of evidence were identified.

Conclusion: Despite many meta-analyses exploring the associations of lifestyle as well as metabolic syndrome with 
the risk or treatment of NAFLD, robust clinical RCTs are needed to further investigate the associations between life-
style modifications and incidence of NAFLD or therapeutic effects on disease progression.
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INTRODUCTION
Nonalcoholic fatty liver disease (NAFLD) encompasses 
a spectrum of liver diseases ranging from non-alco-
holic hepatic steatosis and non-alcoholic steatohepatitis 
(NASH) that can further progress to cirrhosis and hepa-
tocellular carcinoma (HCC) [1, 2]. NAFLD has become 
the most common cause of chronic liver disease world-
wide, with a global prevalence of 22–29% in adults world-
wide [3]. More and more literature is growing to support 
that NAFLD is a manifestation of metabolic syndrome 
(central adiposity, dyslipidemia, hyperglycemia, hyper-
tension, and hyperuricemia), with insulin resistance per-
haps being the common pathogenic event [4–6]. Weight 
gain and the presence of metabolic syndrome remain the 
strongest risk factors for the development of NAFLD [3, 
7, 8]. On the other hand, the prevalence of NAFLD is 
carried with a higher risk of type 2 diabetes mellitus [9], 
cardio-metabolic and other liver-related complications 
[10]. Therefore, NAFLD is emerging as a major threat to 
general health.

Recent epidemiological studies have indicated that 
NAFLD is pathologically associated with a sedentary life-
style, unhealthy dietary habit and metabolic syndrome 
[2, 11–13]. Many published meta-analyses have shown 
that smoking, short sleep duration, red meat, soft drinks, 
sugar (glucose and fructose), obesity, and hyperurice-
mia appear to increase the risk of NAFLD [3, 14–18]. 
Inversely, coffee, green tea, modest alcohol, nuts, exer-
cise, and weight loss are reported to have a decreased 
risk of developing NAFLD [15, 19–22]. Currently, life-
style changes and exercise represent the first-line therapy 
for NAFLD, because pharmacological agents have been 
limited by realistic concerns related to effectiveness and 
safety, and no medical intervention has been approved 
for treating NAFLD in clinical practice [23, 24]. Several 
meta-analyses have reported that green tea, coffee, low 
carbohydrate diet, omega-3, exercise, and weight loss, 
were a proven treatment for NAFLD [22, 25–29].

Although several systematic reviews and meta-analyses 
have examined associations between lifestyle or meta-
bolic syndrome and NAFLD, there has been no existing 
umbrella reviews to summarize and critically appraise 
this body of evidence until June, 2021. Therefore, this 
study aimed to perform an umbrella review to gain a 
strength and validity of the evidence derived from sys-
tematic reviews and meta-analyses of the association 
between lifestyle as well as metabolic syndrome and 
NAFLD.

METHODS
Our protocol has been registered in PROSPERO 
(CRD42020186604). The systematic literature search was 
conducted according to the preferred reporting items for 
systematic reviews and meta-analyses (PRISMA) guide-
lines [30].

Literature search
For this umbrella review, we searched PubMed, Web of 
Science and Embase Database.

for meta-analyses about associations between life-
style or metabolic syndrome and the risk or treatment 
of NAFLD from inception until June 1, 2021. The search 
terms were (lifestyle or exercise or dietary or diet or train-
ing or behavior or nutrition or sport or physical activity 
or weight reduction or weight loss or energy restriction) 
or (metabolic syndrome or obesity, central obesity, WHR, 
BMI, hyperglycemia, hypertension, hyperuricemia, 
serum uric acid) AND (NAFLD or non-alcoholic fatty 
liver or nonalcoholic fatty liver or non-alcoholic steato-
hepatitis or nonalcoholic steatohepatitis or non-alcoholic 
steatosis or nonalcoholic steatosis or non-alcoholic liver 
steatosis or nonalcoholic liver steatosis or non-alcoholic 
hepatic steatosis or nonalcoholic hepatic steatosis) AND 
(systematic review or meta-analysis). We also carried out 
a manual screen of the references of eligible articles. The 
search was independently performed by three investiga-
tors (X.P., J.L., and H.Z.) and any differences in the litera-
ture search were resolved through consensus.

Selection of meta‑analyses
Studies were included if they met the following crite-
ria: (1) Studies included meta-analysis of randomized 
controlled trials (RCTs) and/or observational stud-
ies; (2) Studies considered the incidence or treatment 
of NAFLD as the outcome; (3) Studies investigated the 
associations between different lifestyles or metabolic syn-
drome and incidence or treatment of NAFLD. Review 
articles without quantitative statistical analysis, RCTs 
including animal trials or in  vitro studies, and studies 
on genetic polymorphisms related to lifestyle or meta-
bolic syndrome and the risk or treatment of NAFLD were 
excluded. Children were excluded. Articles that were not 
published in English were also excluded. If a single meta-
analysis was divided into cohort and case-control studies 
without a total estimated effect size that included both, 
we reported the results of the cohort study as it was less 
affected by recall and selection biases.

Keywords: Lifestyle, Metabolic syndrome, non-alcoholic fatty liver disease, Umbrella review, Meta-analyses
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Data extraction
One author (X.P.) extracted data, which was separately 
checked by the other authors (J.L. and H.Z.). From each 
eligible meta-analysis on observational studies or RCTs, 
the following information was extracted: first author and 
publication year, outcome, number of studies included, 
total population, number of cases, measure of exposure, 
effect sizes (risk ratio (RR), odds ratio (OR), hazard ratio 
(HR), mean difference (MD), standardized mean dif-
ference (SMD), weighted mean difference (WMD), and 
95% confidence intervals), and any reported estimate 
of heterogeneity. Finally, the type of effect model, pub-
lication bias by Egger’s test, and dose-response analy-
ses were abstracted when possible. When overlapping 
meta-analyses were published on the same association, 
we included the one with the most recent and the largest 
number of disease cases. In a few exceptions where the 
most recent was not the largest meta-analysis, we exam-
ined the reason for this discrepancy. If the most recent 
included prospective studies and the largest one had 
fewer prospective studies plus some retrospective data, 
we kept the one with the largest amount of prospective 
data; otherwise we kept the largest meta-analysis. If a 
high-versus-low meta-analysis as well as a dose-response 
meta-analysis was available for one exposure or treat-
ment, we presented the dose-response meta-analysis. 
Any discrepancies in the extracted data were resolved 
with discussion.

Assessment of methodological quality
The eleven items of Assessment of Multiple Systematic 
Reviews (AMSTAR) checklist were performed to evalu-
ate reporting and methodological quality of all included 
systematic reviews and meta-analyses [31]. Each ques-
tion can be answered with “yes,” “no,” “can’t answer,” and 
“not applicable.” A “yes” scores one point, whereas the 
other answers score 0 points. An overall score of at least 
8 points was defined as the cutoff value for high quality, 
4–7 points as moderate quality, and 3 points or less as 
low quality (Supplementary Table 1).

Evaluation of the grading of evidence
We classified evidence from meta-analyses of obser-
vational studies with nominally statistically significant 
summary results into three categories (high, moder-
ate, and low) [32]. The strength of epidemiologic evi-
dence was assessed according to the following criteria 
[33–35]: (1) precision of the estimate (ie, P < .001 [36, 
37], a threshold associated with significantly fewer 
false positive results, and more than 1000 cases of the 
disease), (2) consistency of results  (I2  < 50%; Cochran 
Q test, P > .10), and (3) no evidence of small-study 

effects (P > .10). The strength of the epidemiologic 
evidence was rated as high (when all of these criteria 
were satisfied), moderate (if a maximum of 1 crite-
rion was not satisfied and P < .001 was found), or weak 
in all other cases (P < .05). Whenever the P value was 
not reported, it was calculated from the 95% confi-
dence interval of the pooled effect estimate by using 
a standard method [38]. Evidence from meta-analyses 
of RCTs was assessed in the light of the significance of 
the summary effect (P  <.01, .01 ≤ P < .05, P  ≥.05), pres-
ence of large heterogeneity  (I2 > 50%), and small study 
effects(P > .10).

Data analysis
For each meta-analysis, we extracted the summary effect 
size and its 95% confidence intervals (CI) through ran-
dom-effects models. Whenever a fixed effect model was 
originally used, we recalculated the summary effect sizes 
and corresponding 95% CI by using the random effect 
model. We tested for evidence of small-study effects 
using the Egger’s regression asymmetry test to inves-
tigate if smaller studies yielded larger effect sizes com-
pared with larger studies (significance threshold P < .10) 
[39]. All the analyses were conducted with STATA 13.0 
(STATA Corp, Texas, USA). For all tests (except for het-
erogeneity and small-study effects), P < .05 was consid-
ered statistically significant.

RESULTS
Characteristics of Meta‑Analyses
The search strategy found 1329 publications, as shown in 
(Fig.  1). The umbrella review identified 35 publications 
with 122 meta-analysis results, of which 22 publications 
[15, 16, 20, 21, 26, 29, 40–55] reported 41 meta-analyses 
of observational studies and 15 publications [22, 25–29, 
56–64] reported 81 meta-analyses of RCTs. In the 41 
meta-analyses of observational studies, 4 meta-analyses 
showed overlapping results that were removed (Supple-
mentary Table  2). Of the 81 meta-analyses of RCTs, 18 
similarly showed overlapping results and were therefore 
removed. Eventually, 100 unique meta-analyses were 
retained (37 meta-analyses of observational studies 
(Supplementary Table  3) and 63 meta-analyses of RCTs 
(Supplementary Table  4). The median number of stud-
ies included in meta-analyses of observational studies 
was 5 (range 2–21), the median number of participants 
was 6177 (73–381,655), and the median number of cases 
was 2810 (41–20,149). The median number of studies 
included in meta-analyses of RCTs was 8 (range 2–21), 
the median number of participants was 502 (61–13,426), 
and the median number of cases was 122 (11–1496).
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Quality assessment of meta‑analyses
The AMSTAR rating for all studies was determined to 
be high for 97% or moderate for 3% (Supplementary 
Table 5). The most common reasons for downgrading 
quality were absence of a registered protocol, non-sat-
isfactory reporting/evaluation of the risk of bias in pri-
mary studies, and inappropriate methodology.

Risk of NAFLD
Factors that increase the risk of NAFLD
The 15 factors that increased the risk of NAFLD were 
presented below (Fig.  2). Compared with non-smok-
ing, smoking, passive smoking, and former smoking 
increased the risk of NAFLD by about 1.43-fold (OR, 
1.43; 1.02, 1.84), 1.32-fold (OR, 1.32; 1.16, 1.50), and 1.38-
fold (OR, 1.38; 1.20, 1.59), respectively [16]. On the other 
hand, consumption of sugar sweetened beverages, sugar 
sweetened soda, and soft drinks were significantly asso-
ciated with a increased risk of NAFLD ((OR,1.40; 1.07, 
1.82), (RR, 1.53; 1.34, 1.75), and (OR, 1.33; 1.18, 1.49), 
respectively) [40–42]; compared with the consumption 
of a weight-maintenance diet, hypercaloric fructose diet 
intake significantly increased intrahepatic lipid content 
(IHLC) (OR, 1.13; 1.02, 1.45) in healthy male adults [43]. 
Red meat was significantly associated with an increased 
risk of NAFLD (OR, 1.26; 1.08, 1.47) [42]. Furthermore, 
compared with long sleep duration, short sleep duration 
was associated with an increased risk of NAFLD (RR, 

1.19; 1.04, 1.36) [15]. Obesity increased the risk of devel-
oping NAFLD (RR, 3.53; 2.48, 5.03); central obesity posed 
a greater threat to national health than general obesity, 
and the summary OR values per-unit increase in waist 
circumference (WC) and BMI for NAFLD formation 
were 1.07 (1.03, 1.10) and 1.25 (1.13, 1.38), respectively. 
In addition, the pooled OR in waist-to-hip ratio (WHR) 
in relation to NAFLD risk was 4.10 (1.53, 10.79) [45, 54]. 
Compared to the lowest group, the risk of NAFLD was 
increased by almost 2-fold (OR, 1.92; 1.66, 2.23) in the 
highest serum uric acid group [46]; additionally, com-
pared to no hyperuricemia, hyperuricemia was associ-
ated with a higher of NAFLD activity score (NAS) (RR, 
2.17; 1.51, 3.12) [55].

Factors that decrease the risk of NAFLD
The 7 factors that decreased the risk of NAFLD were 
presented in (Fig.  3). Modest intake of alcohol (for an 
intake of less than 40 g/day v no consumption) decreased 
the risk of NAFLD (OR, 0.68; 0.58, 0.81) [21]; moreover, 
modest intake of alcohol was found to have a significant 
protective effect on the development of non-alcoholic 
steatohepatitis (NASH) (OR, 0.50; 0.34, 0.74) without any 
evidence of heterogeneity (P > 0.1,  I2 = 0), and the data 
were from 822 patients (550 non-drinkers and 272 mod-
est drinkers) diagnosed by liver biopsy [21]. High intake 
of coffee (more than 3 cups every day) decreased the risk 
of NAFLD (RR, 0.94; 0.92, 0.97) [47]; compared to the 

Fig. 1 Flow diagram of literature search and study selection
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subjects who did not drink coffee, coffee intake decreased 
the risk of liver fibrosis among NAFLD patients (RR, 
0.70; 0.60, 0.82) [48]. Green tea also significantly reduced 
the risk of NAFLD (RR, 0.65; 0.44, 0.98) [49]. A negative 
association of nut intake with the possibility of NAFLD 
was observed (OR, 0.94; 0.90, 0.97) [42]. Weight loss 
decreased the risk of NASH (OR, 0.14; 0.04, 0.49) [29].

Factors that are not associated with the risk of NAFLD
The 15 factors that had no significant effects on NAFLD 
were presented in (Supplementary Table 3). No evidence 
of associations between current smoking, light smoking, 
heavy smoking, whole grains, refined grains, fish, fruits, 
vegetables, eggs, dairy, or legumes and NAFLD was found 
in the included meta-analyses [16, 42]. Besides, hyper-
caloric fructose diet did not affect ALT level compared 

with consumption of a weight-maintaining diet in healthy 
subjects [44]. Caffeine consumption was not significantly 
associated with the prevalence of NAFLD [26]. Low car-
bohydrate diet was not significantly associated with the 
improvement of ALT and AST level in NAFLD [50].

Treatment of NAFLD
Therapies that improve NAFLD

Caffeine Total caffeine consumption reduced hepatic 
fibrosis in patients with NAFLD (MD, −91.35; −139.42, 
−43.27) [26] (Table 1).

Green tea Green tea consumption not only reduced 
the risk of NAFLD, but also seemed to have efficacy in 
NAFLD treatment. It resulted in a significant reduction 

Fig. 2 The factors that increased the risk of NAFLD. NAFLD, non-alcoholic fatty liver disease; CI, confidence interval; OR, odds ratio; RR, risk ratio; NA, 
not available

Fig. 3 The factors that decreased the risk of NAFLD. NAFLD, non-alcoholic fatty liver disease; CI, confidence interval; OR, odds ratio; RR, risk ratio; NA, 
not available
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of ALT (MD, −12.81 U/L; −18.17, −7.45) and AST (MD, 
−10.91 U/L; −19.66, −2.17); decreased plasma concen-
trations of TG (MD,-31.86 mg/dl; −40.62, −23.12), TC 
(MD, −27.57 mg/dl; −36.17, −18.98), and LDL (MD, 
−14.15 mg/dl; −23.69, −4.60); and decreased BMI (MD, 
−2.08 kg/m2; −2.81, −1.36) [25] (Table 1).

Low carbohydrate diet Low carbohydrate diet decreased 
intrahepatic lipid content (IHLC) (MD, −11.53%; −18.10, 
−4.96), but did not significantly affect the concentration 
of liver enzymes in patients with NAFLD [27] (Table 1).

Omega‑3 polyunsaturated fatty acids supplementa‑
tion Compared with placebo-treated participants, 
omega-3 polyunsaturated fatty acids (omega-3 PUFAs) 
intake could improve ALT (SMD, −0.50; −0.88, −0.11), 
AST (SMD, −0.54; −1.04, −0.05), GGT (SMD, −0.48; 
−0.64, −0.31), HOMA-IR (SMD, −0.40; −0.58, −0.22), 
glucose (SMD, −0.25; −0.43, −0.06), and TG (SMD,-
0.47; −0.76, −0.19) in patients with NAFLD [62]. 
Omega-3 PUFAs supplementation significantly reduced 
liver fat content (MD, −5.19%; −9.58, −0.97) [58], and 
grade of steatosis (MD, −0.71; −0.99, −0.42) [58]. There 
was a significant pooled effect size (ES) for the efficacy 
of omega-3 PUFAs therapy on liver fat (ES, −0.97;-0.58, 
−1.35) [28]. The treatment of omega-3 PUFAs decreased 
LDL (MD, −9.18; −14.89, −3.47) and increased HDL 
(MD, 4.81; 1.59, 8.03) in NAFLD patients [57] (Table 1).

Exercise All interventions for NAFLD patients were 
categorized by exercise type, intensity, and volume 
including total exercise, total exercise (irrespective of 
weight change), total exercise (no significant weight loss), 
aerobic exercise training (AEx), resistance training (RT), 
AEx plus RT, continuous moderate-intensity training 
(MIT), continuous high-intensity training (HIT), contin-
uous high-intensity interval training (HIIT), low-to-mod-
erate volume MIT, moderate-to-high volume MIT. Com-
pared to usual care, total exercise had a positive effect on 
intrahepatic fat (SMD, −1.77; −3.11, −0.42) [59]; total 
exercise (irrespectively of weight change) reduced IHTG 
(SMD,-0.98; −1.30, −0.66), ALT (SMD, −0.39; −0.66, 
−0.11), AST (SMD, −0.37; −0.65, −0.09), WC (SMD, 
−0.60; −0.78, −0.42), HOMA-IR (SMD, −0.76; −1.47, 
−0.05), and liver fat (ES, −0.37;-0.69, −0.06) [22, 60].

Subgroup analyses revealed that AEx, RT, AEx plus RT, 
continuous MIT, and low-to-moderate volume MIT all 
improved IHTG ((SMD, −0.84; −1.27, −0.42), (SMD, 
−1.05; −1.87, −0.24), (SMD, −1.54; −2.56, −0.52), 
(SMD, −0.86; −1.36, −0.34), and (SMD, −0.50; −0.77, 
−0.23), respectively) [60]. Moreover, AEx, RT, and AEx 
plus RT all improved ALT ((WMD, −17.04;−38.08, 

−4.00), (WMD, −17.33; − 43.90, −8.22), and (WMD, 
−32.12; − 66.11, −1.87), respectively); AEx and RT 
improved AST ((WMD, −5.83; −12.21, −0.45) and 
(WMD, −4.38; −20.58, 11.83), respectively); AEx, RT, 
and AEx plus RT all improved HOMR-IR ((WMD, −0.17; 
−0.69, 0.36), (WMD, −1.70; −5.61, 2.21), and (WMD, 
−0.52; −1.51, 0.41), respectively); AEx, RT, and AEx plus 
RT all improved BMI ((WMD, −1.55; − 3.52, −0.42), 
(WMD, −1.81; −3.80, −0.18), and (WMD, −2.09; −4.07, 
−0.10), respectively)[62] (Table 1).

Weight loss In patients with NAFLD, compared with no 
or minimal or lower-intensity interventions, more-inten-
sive weight loss interventions (−3.61 kg; −5.11, −2.12) 
improved blood biomarkers (ALT (MD, −9.81; −13.12, 
−6.50), AST (MD, −4.84; −7.31, −2.38), and GGT (MD, 
−4.35; −7.67, −1.04)) as well as radiologic and histologic 
markers of liver stiffness (SMD, −1.11; −1.91, −0.32), 
liver steatosis (SMD, −1.48; −2.27, −0.70), and NAS 
(MD, −0.92; −1.75, −0.09) [29] (Table 1).

Therapies that do not significantly improve NAFLD
Omega-3 PUFAs supplementation did not significantly 
improve TC in patients with NAFLD [62]. Total exer-
cise (irrespectively of weight change), AEx, RT, and AEx 
plus RT did not significantly improve serum liver enzyme 
(GGT), serum liver enzymes (ALT, AST, and GGT), 
serum liver enzymes (ALT, AST, and GGT), and serum 
liver enzymes (ALT, AST, and GGT), respectively) [60]. 
In addition, weight loss did not improve ALP and the his-
tologic scores for inflammation, ballooning, or fibrosis in 
NAFLD patients [29] (Supplementary Table 6).

Strength of epidemiologic evidence
The grading of evidence from the meta-analyses of obser-
vational studies was presented.

in (Table 2). Sugar-sweetened soda increased the risk of 
NAFLD with a high epidemiologic evidence. 7 risk fac-
tors (soft drinks, hypercaloric fructose diet (IHLC), obe-
sity, central obesity (Per 1-unit increase in WC), central 
obesity (Per 1-unit increase in BMI), hyperuricemia, and 
hyperuricemia (NAS)) and 3 protective factors (modest 
alcohol (less than 40 g/day), modest alcohol (less than 
40 g/day) (NASH), and coffee) showed moderate epide-
miologic evidence with respect to NAFLD. 7 risk fac-
tors (smoking, passive smoking, former smoking, sugar 
sweetened beverages (SSB), red meat, short sleep, and 
central obesity (WHR)) and 4 protective factors (coffee 
(liver fibrosis), green tea (liver steatosis), nuts, and weight 
loss (NASH)) showed low epidemiologic evidence in rela-
tion to NAFLD.
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The other 15 putative factors did not show statisti-
cally significant associations with respect to NAFLD risk 
(Supplementary Table  7). In these factors, 26.7% (4/15) 
meta-analyses showed no large heterogeneity  (I2  < 50%) 
and 73.3% (11/15) had a large heterogeneity  (I2 ≥50%). 
Moreover, 73.3% (11/15) meta-analyses showed no small 
study-effects (P > 0.1).

Evidence from the meta-analyses of RCTs was pre-
sented in (Table  1). In the therapies that improve 
NAFLD, 79.2% (38/48) treatment interventions had 
nominally significant summary results at P < 0.01 
and 20.8% (10/48) at 0.01 ≤  P  < 0.05. In these treat-
ment interventions, 37.5% (18/48) showed no large 

heterogeneity  (I2  < 50%), 47.9% (23/48) had a large het-
erogeneity  (I2 ≥50%), and 14.6% (7/48) were not avail-
able on heterogeneity due to lack of the concerning data 
in original meta-analyses. Furthermore, 29.2% (14/48) 
showed no small study effects (P > 0.1), 18.8%(9/48) had 
small study effects (P ≤0.1), and 52.0% (25/48) were not 
available on small study effects. Only 7 treatment inter-
ventions (14.6%) reported a P < 0.01 and had no evidence 
of large heterogeneity and small study effects (green tea 
(ALT), green tea (TG), green tea (TC), green tea (LDL), 
omega-3 PUFAs (HOMR-IR), omega-3 PUFAs (glucose), 
and exercise (RT) (ALT)). In the treatment interven-
tions with improvement of liver fat content or hepatic 

Table 2 The strength of epidemiologic evidence of 22 meta-analyses of observational studies that affect the risk of NAFLD

WHR Waist-tohip ratio, NAFLD Nonalcoholic fatty liver disease, HCL Intrahepatocellular lipids, Omega-3 PUFAs, WC Waist-tohip ratio, BMI Body mass index, NAS Non-
alcoholic activity score, NASH Non-alcoholic steatohepatitis; omega-3 polyunsaturated fatty acids

NOTE. The strength of epidemiologic evidence was rated as follows:

High, if all criteria were satisfied: precision of the estimate (P < .001 and > 1000 disease cases), consistency of results  (I2 < 50% and Cochran Q test P > .10), and no 
evidence of smallstudy effects (P > .10)

Moderate, if a maximum of 1 criterion was not satisfied and a P < .001 was found

Low, in other cases (P < .05)

Exposure Measure Reference Precision of the 
estimate

Consistency of results No evidence 
of small‑study 
effects

Grade

>1000 
disease 
cases

P < 0.001 I2 < 50% and Cochran 
Q test P > .10

P > 0.1

15 factors that increased the risk of NAFLD
 Smoking NAFLD Rezayat2017 Yes No Yes Yes Low

 Passive smoking NAFLD Rezayat2017 No No No Yes Low

 Former smoking NAFLD Rezayat2017 No No Yes Yes Low

 Soft drinks NAFLD He2020 Yes Yes Yes No Moderate

 sugar sweetened beverages NAFLD Asgar-Taee2018 Yes No Yes Yes Low

 Sugar-Sweetened Soda NAFLD Wijarnpreecha2015 Yes Yes Yes Yes High

 Hypercaloric fructose diet IHLC Chung2014 No Yes Yes Yes Moderate

 Red meat NAFLD He2020 Yes No No No Low

 Short sleep NAFLD Wijarnpreecha2016 Yes No Yes Yes Low

 Obesity NAFLD Li2016 Yes Yes No Yes Moderate

 Per 1-unit increase in WC NAFLD Pang2015 Yes Yes No Yes Moderate

 Per 1-unit increase in BMI NAFLD Pang2015 Yes Yes No Yes Moderate

 WHR NAFLD Pang2015 No No No Yes Low

 Hyperuricemia NAFLD Darmawan2017 Yes Yes No Yes Moderate

 Hyperuricemia NAS Jaruvongvanich2017 No Yes Yes Yes Moderate

7 factors that decreased the risk of NAFLD
 Modest alcohol NAFLD Sookoian2014 Yes Yes No Yes Moderate

 Modest alcohol NASH Sookoian2014 No Yes Yes Yes Moderate

 Coffee NAFLD Chen2018 Yes Yes No Yes Moderate

 Coffee Liver fibrosis Wijarnpreecha2017 No Yes No No Low

 Green tea Liver steatosis Yin2015 No No No Yes Low

 Nut NAFLD He2020 Yes No Yes Yes Low

 Weight loss NASH Koutoukidis2019 No No Yes No Low
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histopathology, caffeine (liver fibrosis), low carbohydrate 
diet (IHLC), omega-3 PUFAs (liver fat), total exercise 
(irrespectively of weight change) (IHTG), exercise (AEx) 
(IHTG), exercise (AEx + RT) (IHTG), exercise (continu-
ous MIT) (IHTG), exercise (low-to-moderate volume 
MIT) (IHTG), weight loss (liver stiffness), and weight 
loss (liver steatosis) interventions showed a P < 0.01, but 
had a large heterogeneity  (I2 ≥50%) and/or small study 
effects (P ≤0.1) (or were not available), whereas omega-3 
PUFAs (liver fat content), total exercise (intrahepatic 
fat), total exercise (irrespectively of weight change) (liver 
fat), exercise (RT) (IHTG), weight loss (NAS) inter-
ventions showed the lowest strength of evidence (had 
a0.01 ≤ P < 0.05 and a large heterogeneity  (I2 ≥50%) and/
or small study effects (P ≤0.1) and/or were not available).

The other 15 treatment interventions did not show sta-
tistically significant associations in relation to NAFLD 
(P   ≥0.05) (Supplementary Table  6). In these treatment 
interventions, 26.7% (4/15) showed no large heteroge-
neity  (I2  < 50%), 33.3% (5/15) had a large heterogeneity 
 (I2 ≥50%), and 40.0% (6/15) were not available on het-
erogeneity due to lack of the concerning data in original 
meta-analyses. On the other hand, 13.3% (2/15) treat-
ment interventions had small study effects (P    0.1) and 
86.7% (13/15) were not available with respect to small 
study-effects due to lack of the concerning data in origi-
nal meta-analyses.

Discussion
Main findings
The influence of lifestyle as well as metabolic syndrome 
on NAFLD incidence or treatment has been examined 
in many published meta-analyses. This umbrella review 
provided a comprehensive overview of reported associa-
tions between lifestyle or metabolic syndrome and the 
risk or treatment of NAFLD by incorporating evidence 
from meta-analyses of observational studies and RCTs. 
We also further evaluated the methodological quality of 
the meta-analyses and quality of evidence for all these 
associations by following criteria that have been previ-
ously applied to appraise the strength of epidemiologic 
evidence in several research publications [32, 37].

We included 35 publications, Which comprised 100 
meta-analyses (37 meta-.

analyses of observational studies and 63 meta-analyses 
of RCTs). The methodological quality was high for 97% 
of the published meta-analyses. For the meta-analyses of 
observational studies, the quality of evidence was graded 
as high only for sugar-sweetened soda, which increased 
the risk of NAFLD; The quality of evidence was graded 
as moderate for 2 dietary factors (soft drinks, hyperca-
loric fructose diet (IHLC)), 3 obesity factors (obesity, 

central obesity (Per 1-unit increase in WC), and central 
obesity (Per 1-unit increase in BMI)), and 2 metabolic 
factors (hyperuricemia and hyperuricemia (NASH)) that 
increased the risk of NAFLD, and for 3 dietary factors 
(modest alcohol (less than 40 g/day), modest alcohol (less 
than 40 g/day) (NASH), and coffee) that decreased inci-
dence of NAFLD; For the other associations (another 7 
risk and 4 protective factors with respect to NAFLD), the 
quality of evidence was low and further investigation is 
needed.

For evidence from the meta-analyses of RCTs, although 
79.2% (38/48) treatment interventions had P < 0.01 in the 
meta-analyses of nominally significant summary results 
(P  < 0.05), only 7 treatment interventions (4 green tea 
interventions, 2 omega-3 PUFAs interventions, and 1 
exercise (RT) intervention) had a P  < 0.01, with no evi-
dence of large heterogeneity and small study effects. 
These therapies were only associated with an improve-
ment of liver enzymes, blood lipids and blood glucose 
rather than histological changes of liver. In the therapies 
that improved liver fat content or hepatic histopathol-
ogy, 3 dietary interventions (caffeine, low carbohydrate 
diet, and omega-3 PUFAs), 5 exercise interventions (total 
exercise (irrespectively of weight change), exercise (AEx), 
exercise (AEx + RT), exercise (continuous MIT), and 
exercise (low-to-moderate volume MIT)), and 2 weight 
loss interventions (weight loss (liver stiffness), and weight 
loss (liver steatosis)) achieved P < 0.01, but large hetero-
geneity and/or evidence of bias existed in these meta-
analyses, indicating that these associations should be 
interpreted with caution.

Comparison with other studies and possible explanations
Existing guidelines hold components of metabolic syn-
drome (obesity, T2DM, hypertension, dyslipidemia) and 
intake of sugar-sweetened beverages as risk factors asso-
ciated with NAFLD [23, 65, 66]. Moreover, the umbrella 
review by Neuenschwander et al. [67] showed that sugar 
sweetened beverages increased T2DM incidence with a 
high quality of evidence. This information correlates with 
our results that sugar-sweetened soda, soft drinks, obe-
sity, central obesity (Per 1-unit increase in WC), and cen-
tral obesity (Per 1-unit increase in BMI) were associated 
with an increased incidence of NAFLD, for which we 
found high/moderate quality of evidence. Sugar sweet-
ened beverages are not only a major risk factor for weight 
gain and obesity [68], but also have a high glycaemic 
index [69], which may contribute to the risk of NAFLD. 
Fructose is a source of excess calories, and a high fructose 
intake is associated with NAFLD [70]. Fructose increases 
hepatic de novo lipogenesis in a dose-dependent fash-
ion [71] and de novo lipogenesis has been shown to be 
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abnormally unregulated inpatients with NAFLD [72]. 
Artificial sweeteners or sugar substitutes are food addi-
tives that provide a sweet taste and are also known as 
low-calorie or non-calorie sweeteners. It has a poten-
tial role in microbiota alteration and dysbiosis [73]. Our 
result showed that hypercaloric fructose diet increased 
intrahepatic lipid content in healthy male adults with 
moderate quality of evidence, which was consistent with 
the aforementioned results. Moreover, we found that 
hyperuricemia was associated with an increased risk of 
NAFLD and NASH with moderate quality of evidence. 
Similarly, the umbrella review by Li et al. indicated that 
hyperuricemia increased the risk of T2DM and meta-
bolic syndrome [74]. The mechanistic role of uric acid 
in NAFLD is potentially involved in multiple biological 
processes, including stimulating inflammation, inducing 
oxidative stress, and amplifying the lipogenic effects of 
fructose [46, 75, 76]. Many aspects of childhood or ado-
lescent and adult NAFLD were considered inconsistent, 
including prevalence, histology, diagnosis and manage-
ment [77]. Studies that included children were excluded 
from our analysis.

Alcohol consumption up to 30 g/day (men) or 20 g /
day (women) is insufficient to induce alcoholic steatosis 
and might even be protective against NAFLD, NASH 
and fibrosis as compared with total abstinence [65]. One 
guideline states that moderate consumption of alcohol 
reduces incidence of T2DM [78]. The umbrella review by 
Neuenschwander et  al. [67] indicated that there was an 
inverse association between moderate total alcohol con-
sumption (12–24 g/day) or coffee intake and incidence 
of T2DM, with high or moderate quality of evidence, 
respectively. In addition, Poole et  al. reported that cof-
fee consumption was associated with a decreased risk of 
NAFLD, liver fibrosis, and liver cirrhosis in an umbrella 
review [79]. Our results indicated a beneficial associa-
tion of NAFLD incidence with intake of modest alco-
hol (less than 40 g/day), modest alcohol (less than 40 g/
day) (NASH), and coffee with moderate quality of evi-
dence, which supports the aforementioned findings. 
Regarding the mechanisms, several observational stud-
ies indicated that light or moderate alcohol consumption 
increases insulin sensitivity [80–82]. However, as alcohol 
causes adverse health effects such as liver cirrhosis, and 
increased risk for cancers [83], translation of these results 
into recommendations have to be considered care-
fully. The potential mechanisms for the hepatoprotec-
tion of coffee involve caffeine, phenolic compounds, and 
melanoidins. Caffeine has been implicated in increasing 
insulin sensitivity [84] and restraining the hepatic fibrin-
ogenesis pathway by downregulating the production of 
connective tissue growth factor induced by transforming 

growth factor-β1, by upregulating the peroxisome–pro-
liferator-activatedreceptor γ (PPARγ), and by inhibiting 
the synthesis of focal adhesion kinase and actin [85]. Phe-
nolic compounds, melanoidins, and caffeine are responsi-
ble for antioxidant effects that prevent free radical tissue 
damage by reducing reactive oxygen species, which, in 
turn, play a central part in the inflammation processes of 
NAFLD [86].

The umbrella reviews by Yi et  al. [87]. and Neuen-
schwander et al. [67]. indicated that tea consumption was 
associated with a reduced risk of T2DM; also, Yi et  al. 
[87]. showed that high consumption of green tea was 
associated with a reduced risk of liver cancer. Current 
guidelines indicate that omega-3 PUFAs can improve 
blood lipid profile and reduce liver fat [23, 88, 89]. Grosso 
et  al. reported that incremental intake of caffeine sig-
nificantly decreased the risk of T2DM [90]. Lifestyle 
modifications consisting of energy restriction, exercise, 
and weight loss are recommended as the first-line treat-
ment for patients with NAFLD by guidelines, and these 
treatment interventions alone or their conjunction can 
improve liver biochemistry, steatosis, even fibrosis [23, 
65, 66, 91, 92]. Our results indicated that green tea, 
omega-3 PUFAs, and exercise (RT) effectively improve 
liver enzymes, blood lipids and blood glucose rather than 
histological changes of the liver, with the higher strength 
of epidemiologic evidence (had a P < 0.01 and had no evi-
dence of large heterogeneity and small study effects); but 
some other treatment interventions (caffeine, low carbo-
hydrate diet, omega-3 PUFAs, exercise (different exercise 
type, intensity, or volume), and weight loss, which can 
improve liver fat content or hepatic histopathology, had 
lower strength of epidemiologic evidence (had a P < 0.01 
but had a large heterogeneity and/or small study effects). 
Therefore, multi-center, prospective, large sample RCTs 
are needed to further investigate the therapeutic effect 
of these lifestyle modifications, especially exercise and 
weight loss on liver fat content, NASH, and liver fibro-
sis. Our results support the aforementioned findings and 
guideline recommendations.

The mechanisms by which the above dietary ingredi-
ents are responsible for therapeutic effects of NAFLD 
involve many factors. Experimental evidence from 
in  vitro systems and animal models supports a role of 
green tea or its catechins in protecting against NAFLD 
by decreasing intestinal lipid and carbohydrate absorp-
tion, by decreasing adipose lipolysis and hepatic de novo 
lipogenesis, by stimulating hepatic β-oxidation and ther-
mogenesis, and by improving insulin sensitivity [93]. 
Furthermore, green tea displays the hepatoprotective 
effects through its antioxidant and anti-inflammatory 
properties [94, 95]. Omega-3 PUFAs influence NAFLD 
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through several mechanisms. They has been shown to 
downregulate sterol-regulatory-element-binding pro-
tein 1c (SREBP-1c) and upregulate peroxisome–prolif-
erator-activated receptor α (PPARα), which would favor 
fatty acid oxidation and reduce steatosis [96]. Moreover, 
Omega-3 PUFAs can give rise to resolvins, which are 
anti-inflammatory [97]. A possible explanation for ben-
eficial effects of low carbohydrate diets in patients with 
NAFLD may be related to enhanced lipid oxidation that 
is induced by energy and carbohydrate restriction [98, 
99].

Strengths and limitations
In this umbrella review, we systematically and compre-
hensively presented the evidence of the associations 
between lifestyle or metabolic syndrome and NAFLD 
incidence or treatment by incorporating information 
from meta-analyses of observational studies and RCTs. 
We also evaluated the methodological quality and qual-
ity of evidence by using validated tools [31–37]. Fur-
thermore, we analyzed the extent of heterogeneity and 
publication bias.

This umbrella review had several limitations. Firstly, 
our umbrella review focused on existing meta-analyses 
and therefore outcomes that were not assessed in any 
published meta-analyses are not included in the review. 
Secondly, even though the total number of included stud-
ies was large, for some associationsthe number of stud-
ies included in the meta-analysis was small, which might 
cause publication bias. Thirdly, we did not evaluate the 
quality of the individual studies, since this should be the 
responsibility of the authors of the original meta-analy-
sis and it was beyond the scope of the current umbrella 
review. Finally, we did not perform subgroup analysis (eg, 
by sex or geographical locations) or sensitivity analysis 
(eg, exclusion of studies at high risk of bias).

Conclusions
Although the associations of lifestyle as well as meta-
bolic syndrome with the risk or treatment of NAFLD 
have been examined in a large number of published 
meta-analyses, the quality of evidence was only high for 
the association of sugar-sweetened soda with increased 
NAFLD risk, and only 7 treatment interventions (4 green 
tea interventions, 2 omega-3 PUFAs interventions, and 
1 exercise (RT) intervention) had the higher strength of 
epidemiologic evidence, demonstrating improvement of 
liver enzymes, blood lipids and blood glucose rather than 
histological changes of liver. Robust clinical RCTs are 
needed to further investigate the associations between 
lifestyle modifications and incidence of or the therapeutic 
effects on NAFLD.
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