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Adherence to plant based diets
reduce the risk of hepatic fibrosis in
nonalcoholic fatty liver disease

Mahsa Miryan-?, Ali Azizi*“*, Yahya Pasdar®* & Mojgan Moradi®

Adherence to plant-based diets has significantly increased in popularity recently, with claims

that they reduce the risk of non-communicable diseases. This study investigated whether high
adherence to plant-based diets can reduce the risk of hepatic steatosis and fibrosis. In this study,
8516 participants from the Ravansar Noncommunicable Disease cohort completed a validated food
frequency questionnaire (FFQ) to assess their plant-based diet scores. The study used the fatty liver
index and fibrosis-4 index to predict hepatic steatosis and fibrosis. The plant-based diet index (PDI)
was used to measure the overall quality of diets from healthy and unhealthy plant-derived foods and
animal-derived foods. Associations were determined using binary logistic regression, considering
potential confounders. Participants in the highest tertiles of plant-based diet scores had higher
energy-adjusted intakes of fructose than those in the lowest tertiles (16.09 +12.11 vs. 26.65 +12;
P-value <0.001). In multivariable-adjusted models, participants in the highest tertile of PDI had lower
odds of hepatic fibrosis than those in the lowest tertile (OR: 0.59; 95%Cl: 0.43-0.81). There was no
significant association between adherence to PDI and hepatic steatosis after adjustment for potential
confounders (OR: 0.989; 95%Cl 0.78 - 1.25). The odds of hepatic fibrosis decreased by 6% for each
unit increase in healthy plant-based foods (OR: 0.94; 95%Cl: 0.91-0.97). The odds of hepatic steatosis
increased by 14% for each 1 SD increase in fructose intake (OR: 1.14; 95% Cl: 1.02-1.28). This study
highlights the potential benefits of high adherence to plant-based diets in reducing the risk of hepatic
fibrosis, but high fructose content in some plant-based foods may have an unfavorable role in hepatic
steatosis. These findings highlight the importance of selecting whole, fiber-rich plant foods and
minimizing intake of fructose-dense products in plant-based diets to promote liver health. Therefore,
selecting low-fructose food items in plant-based diets is recommended, though further research is
needed to confirm these findings.
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Non-alcoholic fatty liver disease (NAFLD) is characterized by an excessive buildup of fat in the liver when
triglyceride content is higher than 5% of liver weight. This condition includes simple steatosis and non-alcoholic
steatohepatitis (NASH), which can lead to hepatic fibrosis in some subjects'. In recent decades, the prevalence
of NAFLD has risen markedly, from 25 % in 1990-2006 to 38 % in 2016-20192. Based on this trend, the disease
is predicted to become the leading cause of liver transplantation worldwide. A recent systematic review and
meta-analysis revealed that over half of patients who underwent liver transplantation experienced recurrent
NAFLD within one year®. Hence, lifestyle modification is the cornerstone of NAFLD management. Diet is one
of the important lifestyle factors related to NAFLD, which can directly influence the flux of lipids to the liver®.
Adherence to healthy, balanced diets can help to impede NAFLD contributors by achieving and maintaining a
healthy weight, modulating inflammatory mediators, improving insulin sensitivity, and promoting a healthy
gut microbiome?. These diets include all food groups in appropriate proportions (low, moderate, or high) and
are nutritionally adequate, facilitating hepatocyte regeneration during damage. The Korea National Health and
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Nutrition Examination Survey (KNHANES) indicated that adherence to high-quality diets can reduce the risk
of NAFLD®. Furthermore, high-quality diets can reduce the risk of metabolic dysfunctions associated with
NAFLDE.

Despite robust evidence supporting high-quality diets for NAFLD patients, preliminary studies suggest
that some restricted diets, especially plant-based ones, might offer additional benefits’. Plant-based diets
are hypothesized to improve liver health due to their abundance of antioxidants, phytochemicals, fiber, and
unsaturated fats (omega-3 fatty acids). These components help lower calorie density, modulate inflammatory
mediators, boost antioxidant defenses, and alter gut microbiota composition®. Unlike animal-based diets, plant-
based diets contain lower levels of saturated fats and cholesterol, which are linked to hepatic fat accumulation,
metabolic dysfunctions, and lipotoxicity’. However, plant-based diets with a high emphasis on fruit consumption
can increase fructose intake. Fructose promotes de novo lipogenesis in hepatocytes by bypassing the main
regulatory enzyme of glycolysis. High intake of fructose is associated with abdominal obesity, NAFLD, and
hepatic fibrosis!?. Additionally, plant-based diets may lead to nutrient deficiencies such as B12, eicosapentaenoic
acid (EPA), docosahexaenoic acid (DHA), and high-quality proteins, likely impairing liver regeneration.

Despite increasing interest in plant-based nutrition in clinical care—as discussed in the review by Arslan et
al. (2024), which highlights the health benefits and strategies for plant-based diets— there is a lack of evidence
particularly linking these diets to liver health outcomes. While existing literature comprehensively covers
cardiovascular, metabolic, and oncologic benefits, a focused investigation into the relationship between plant-
based diet quality and liver-related outcomes such as steatosis and fibrosis is still limited!!.

By evaluating the relationship between adherence to both healthy and harmful plant-based dietary patterns
and hepatic steatosis and fibrosis in a population-based cohort, this study aims to address this crucial gap.
This study provides significant insights that can guide dietary strategies for the prevention and management of
NAFLD.

Methods

Study design and participants

This is a cross-sectional study of the Ravansar Non-Communicable Disease (RaNCD) cohort. The RaNCD
cohort was conducted among the Kurdish population in Kermanshah Province, Iran. It is part of the Prospective
Epidemiological Research Studies in Iran (PERSIAN) project.

It follows participants to monitor outcomes of non-communicable diseases including cardiovascular
diseases, cancers, diabetes mellitus, pulmonary diseases, kidney diseases, liver diseases, neurodegenerative
diseases, and deaths'2. This study was conducted in accordance with the Declaration of Helsinki and written
informed consent was obtained from all participants. The current study was approved by the ethics committee
of Kermanshah University of Medical Sciences (ID: IR.KUMS.REC.1401.426) and the members of the RaNCD
steering committee.

From March 2015 to February 2017, the RaNCD recruited 10,065 participants. In the current study,
participants were excluded from the final analysis if they had implausible caloric intake (600-3500 kcal/day for
females and 800-4200 kcal/day for males), missing relevant variables (biochemicals and anthropometrics), a
history of alcohol consumption, or viral hepatitis (B and C).

Demographic assessment

Baseline data on age (years), sex (male, female), hypertension (yes, no), diabetes (yes, no), cardiovascular
diseases (yes, no), smoking status (current smoker, former smoker, passive smoker, non-smoker), physical
activity (low, medium, high), socioeconomic information (quantiles), dietary supplement use (yes, no), anti-
hyperlipidemic drugs (yes, no), anti-lipidemic drugs (yes, no), and sleep duration (hours) were collected using
self-administered questionnaires. Physical activity was measured based on metabolic equivalent rates (METs) by
using the PERSIAN cohort questionnaire'®, and categorized as low (24-36.5 METs), medium (36.6-44.9 METs),
and high (= 45 METs).

Height was measured to the nearest 0.1 cm with a wall-mounted stadiometer. Weight was measured digitally
using bioelectrical impedance analysis (Inbody 770, Biospace, South Korea). Body mass index (BMI) was
calculated by dividing the weight (kilograms) by the squared height (meters). BMI was categorized into four
levels: underweight (BMI <18.5), normal weight (18.5 <BMI <25), overweight (25 <BMI <30), and obesity
(30 <BMI). Waist circumference (WC) was measured to the nearest 0.1 cm at the narrowest point between the
lowest rib and above the iliac crest.

Hepatic steatosis and fibrosis

Hepatic steatosis and fibrosis were examined using non-invasive indices validated for use in epidemiological
studies. One of the most common and non-invasive predictors of hepatic steatosis is the Fatty Liver Index
(FLI), which is widely used in epidemiological studies!®. It is calculated using both anthropometric data and
biochemical tests, including triglyceride (TG), gamma-glutamyl transferase (GGT), waist circumference (WC),
and body mass index (BMI). The formula for calculating FLI is:

FL index :(e0'953 X log(TG)40.139 x BMI40.718 X log(GGT)+0.053 x w0715.745)/
(1_~_eoA953 x log(TG)+0.139 x BMI+0.718 x log(GGT)+0.053x WC—154745) % 100

FLI scores range from 0 to 100, with a recommended threshold score of > 60 indicating hepatic steatosis, with an
accuracy of 0.84 (95% confidence interval: 0.81-0.87)">.
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On the other hand, the most frequently used non-invasive scoring system for hepatic fibrosis is the fibrosis-4
(FIB-4) index, which is applied in large-population studies'®. This index is calculated using biochemical tests as
follows:

FIB — 4 = Age(years) x AST(U/L)/platelet(109/L) x ALT*/*(U/L)

The cut-off points for FIB-4 are categorized by age groups. 1.05 for individuals aged <49 years, 1.24 for those
aged 50-59 years, and 1.88 for those aged 60-69 years. The area under the receiver operating characteristic curve
(AUROC) for these age groups is 0.917, 0.849, and 0.855, respectively'”.

Dietary intakes and Plant-Based dietary index

Dietary assessment was assessed using a validated semi-quantitative National Iranian Food Frequency
Questionnaire (FFQ) comprising 118 food items to estimate nutrient consumption and to calculate PDI. The
validity and reliability of this tool have been thoroughly evaluated and confirmed in a comprehensive study'®.
Participants reported their consumption of each food item over the past year. This instrument assessed the
consumption and frequency of each food on a scale from “never or <1 serving per month” to “> 6 servings per
day”. The amount of each food item was converted to weight (grams/day). Using the Nutritionist IV software
(First Databank Inc., Hearst Corp., San Bruno, CA, USA), the data obtained from the questionnaire were
analyzed, and the average daily energy and nutrients consumed were calculated. Studies showed that the range
of 600-3,500 kcal/day may be applied to data from women, and an allowable range of 800-4,200 kcal/day for
men'®?, Participants with a daily energy intake outside of the predefined range were excluded from the final
analysis.

The plant-based diet index (PDI) was developed by Martinez-Gonzalez to measure the overall quality of a
plant-based diet?!. To calculate the PDI score, the frequency of consumption for each food item was converted
into units consumed per day. Then, food items were summed and categorized into 18 food groups based on
their similarities in nutrient content. These food groups include whole grains, refined grains, whole fruits, fruit
juices, vegetables, potatoes, nuts, legumes, vegetable oils, animal fats, tea/coffee, sugar-sweetened beverages,
desserts, dairy, eggs, fish/seafood, chicken/red meat, and miscellaneous animal foods. According to the PDI
scoring system, a score of 5 was given to the highest quintile of consumption for each plant food group, while a
score of 1 was assigned to the lowest quintile of consumption. Conversely, for animal food groups, a score of 1
was given to the highest quintile of consumption, and a score of 5 was assigned to the lowest. The PDI score for
each participant will be between 12 (the lowest adherence to the plant-based diet) and 90 (the highest adherence
to the plant-based diet)?!.

To justify any association between the PDI score and the risk of hepatic steatosis, we also categorized plant
food groups into the healthy plant-based food group and the unhealthy plant-based food group, which considers
their impacts on overall health based on the literature?2. More information is presented in Table 1.

Food groups Food items

Healthy plant
food groups

‘Whole grains whole-grain bread, oat, barley, oatmeal

cantaloupe, honeydew melon, watermelon, apricot, cherries, peaches, prunes, strawberries, plums,

Fruits figs, grapes, pears, apples, kiwifruit, citrus, pomegranate, banana, persimmon, date, dried fruits, raisin
lettuce, cabbage, tomato, cucumber, leafy green, eggplant, celery, beet, carrot, garlic, onion, pepper,
Vegetables PSR
mushroom, green peas, green beans, zucchini, mixed vegetables
Nuts walnuts, peanuts, other nuts, seeds
Legumes beans, chickpeas, lentils, soybeans, peas

Vegetable oils | olive oil, frying and cooking oils

Tea/Coftee tea, coffee, Nescafé
Fruit juices fruit juices
SSBs lemonade, soft drinks

Unhealthy plant food groups | Refined grains | white bread, rice, pasta, noodles, corn

Potato potatoes, chips

Sweets/desserts | honey, sugar, jams and jellies, chocolates, candies, cake, cookies, biscuits

Animal food groups

Animal fats butter, ghee
Dairies milk, yogurt, cheese, dough, curd, ice cream, cream
Egg eggs

Fish/seafood Fish, tuna

Meat red meat, chicken, processed meat

Miscellaneous | pizza, mayonnaise

Table 1. Food items contribute to the healthy plant food groups, unhealthy plant food groups, and animal
food groups for the plant-based diet. Abbreviation. SSBs: sugar-sweetened beverages.
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Assessment of
inclusion

Statistical analysis

All statistical analyses were conducted using SPSS software version 16 (SPSS Inc., Chicago, USA). Demographic
variables across the tertiles of plant-based diet scores were compared using one-way ANOVA for quantitative
variables, chi-square for nominal variables, and Jonckheere-Terpstra test for ordinal variables. The dietary intake
of participants across the tertiles of plant-based diet scores was analyzed using ANCOVA, adjusting for energy
intake. The odds ratio (95% confidence interval) for hepatic steatosis and fibrosis across the tertiles of plant-
based diet scores were obtained using binary logistic regression, with both crude and adjusted models. The
adjusted model was defined as follows:

o Adjusted Model 1 considered age and sex as confounders to account for inherent differences between indi-
viduals.

« Adjusted Model 2 additionally included energy intake, physical activity, socioeconomic status, sleep duration,
education, and smoking status as confounders to account for lifestyle and social disparities between individ-
uals.

 Adjusted Model 3 further included comorbidities, medication use, and dietary supplements as confounders
to account for differences in medical conditions between individuals.

We also conducted sensitivity analyses to assess the possibility of misclassification within plant-based diet index
categories. P-values less than 0.05 were considered statistically significant.

Results
Following the eligibility criteria, 1549 participants were excluded from the data analysis because of reporting
implausible caloric intake (N:972), a history of alcohol consumption (N:391), the lack of relevant variables
(N:172), and hepatitis B and C (N:14). A total of 8516 participants were included in the final analysis (Fig. 1).
The mean (+ SD) age of the participants was 47.70 (+ 8.32) years, and their BMI was 27.49 (+ 4.62) kg/m?.
A total of 3316 (38.9%) subjects had hepatic steatosis according to the FLI cut-off point and 1285 (15.1%) had
hepatic fibrosis according to FIB-4 cut-off points. The demographic characteristics of the participants across the
tertiles of plant-based diet scores are shown in Table 2. Significant differences were observed in the distribution
of the participants by sex, hypertension (HTN), diabetes mellitus (DM), cardiovascular diseases (CVDs),

10,065 subjects participated in the RaNCD

cohort

1549 subjects were excluded:

e implausible caloric intake (N:972)
—>| e Alcohol intake (N:391)

e The lack of relevant variables (N:172)
e hepatitis B and C (N:14)

. J

\ 4

8516 subjects with NAFLD were
included to the final analyses

3316 subjects without 1285 subjects with
hepatic steatosis (FLI) hepatic fibrosis (FIB-4)

Fig. 1. The flow chart of the study.
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Plant-based diet Score
T1 T3
Variables Lowest adherence | T2 Highest adherence | P-value
Number 2798 2899 2819 -
PDI scores, median 46 [42-49] 55 [53-56] 63 [60-66] -
Male 878 (23.6%) 1273 (34.2%) | 1571 (42.2%)
Gender; n (%) 0.001
Female 1920 (40.1%) 1626 (33.9%) | 1248 (26.0%)
Age; years 49.01 £8.62 47.40 £8.24 46.72 £7.92 <0.001
Weight; kg 69.45 £13.01 72.59 £13.47 | 74.51 £13.15 <0.001
BMI; kg/m2 27.24 £4.65 27.62+4.75 | 27.61 +4.44 0.003
WC; cm 97.07 £10.59 97.52 £10.69 | 97.43 +10.27 0.219
No 2307 (32.3%) 2425 (34.0%) | 2409 (33.7%)
Hypertension; n (%) 0.009
Yes 491 (35.7%) 474 (34.5%) | 410 (29.8%)
No 2492 (32.1%) 2635 (33.9%) | 2635 (33.9%)
Diabetes; n (%) <0.001
Yes 306 (40.6%) 264 (35.0%) 184 (24.4%)
No 2227 (31.8%) 2386 (34.1%) | 2394 (34.2%)
CVD; n (%) <0.001
Yes 571 (37.8%) 513 (34.0%) | 425 (28.2%)
Current smoker | 217 (26.6%) 294 (36%) 305 (37.4%)
Former smoker | 206 (30.7%) 229 (34.2%) | 235(35.1%)
Smoking; n (%) <0.001
Passive smoker | 1130(33.6%) 1150 (34.2%) | 1081(32.2%)
Non-smoker 1245 (33.9%) 1226 (33.4%) | 1198 (32.6%)
Low 809 (31.2%) 882 (30.4%) | 905 (34.9%)
Physical Activity; n (%) | Medium 1455 (35.0%) 1399 (33.7%) | 1299 (31.3%) 0.002
High 534 (30.2%) 618 (35%) 615 (34.8%)
Anti-hyperglycemic drugs; n% 142 (5.1%) 125 (4.31%) | 77 (2.7%) 0.002
Anti-lipidemic drugs; n% 326 (11.65%) 403 (13.9%) | 338 (11.9%) 0.002
Dietary supplements; n% 464 (16.58%) 466 (16.7) 487 (17.27%) 0.713
Socioeconomic status; rank 4[3-5] 3[3-4] 2 [2-4] 0.001*
Sleep duration; hours 7.18 +1.25 7.08 +1.25 7.06 +£1.22 0.003
FLI 47.89 £27.51 49.65 £26.91 | 50.65 £26.61 <0.001
FIB-4 Index 0.94 +0.45 0.88 £0.42 0.86 +0.49 0.001

Table 2. Demographic characteristics of participants according to tertiles (T) of plant-based diet

scores. Abbreviations: PBI: Plant-Based Diet, BMI: Body Mass Index; WC: Waist Circumference; CVD:
Cardiovascular Diseases; FLI: Fatty Liver Index; FIB-4: Fibrosis-4; METs: Metabolic Equivalent Task. Data are
shown as mean + standard deviation, median [IQR], or frequencies. P-values were derived using the one-way
ANOVA for quantitative variables, the Chi-squared test or Fisher’s exact test for nominal variables, and the
Jonckheere-Terpstra test for ordinal variables*. Physical activity was categorized into the following levels: low
(24-36.5 METs), medium (36.6-44.9 METs), and high (= 45 METs).

medication usage, dietary supplement usage, smoking status, socioeconomic status, and physical activity levels
across the tertiles of plant-based diet scores (P-value < 0.05). The participants in the highest tertile of plant-based
diet scores were more likely to be male and current smokers and were less likely to have HTN, DM, and CVDs
than those in the lowest tertile (P-value <0.05). Additionally, participants in the highest tertile of plant-based
diet scores had higher weight, BMI, and FLI scores and had lower age, sleep duration, socioeconomic status, and
FIB-4 scores than those in the lowest tertile (P-value <0.05).

The energy-adjusted dietary intakes of the participants across the tertiles of plant-based diet scores
are presented in Table 3. A significant upward trend was observed in the intake of energy, carbohydrates,
polyunsaturated fatty acids (PUFA), fiber, fructose, vitamin E, vitamin C, and caffeine across increasing tertiles
of plant-based diet scores (P-trend <0.001). Conversely, the energy-adjusted intake of protein, fat, saturated fatty
acids (SFA), monounsaturated fatty acids (MUFA), polyunsaturated fatty acids (PUFA) cholesterol, EPA + DHA,
calcium, zing, iron, sodium, vitamin B12, and vitamin D significantly decreased across the tertiles of the plant-
based diet scores (P-trend <0.001).

The odds ratios for having hepatic steatosis and fibrosis across the tertiles of plant-based diet scores are
shown in Table 4. A statistically significant upward trend in the odds of hepatic steatosis was observed across the
tertiles of plant-based diet scores in the crude model. After adjusting for age and sex (Model 1), this association
remained significant (P-trend <0.001). However, this upward trend was attenuated and became non-significant
after further adjusting for energy intake, physical activity levels, SES, sleep duration, education, smoking status
(Model 2), accompanying diseases, medications, and dietary supplement use (Model 3). We also conducted
sensitivity analyses to assess the possibility of misclassification within the plant-based diet index categories. The
same results were observed for the association between odds of hepatic steatosis and plant-based diet scores
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Plant-based diet Scores

T1 T3
Variables Lowest adherence | T2 Highest adherence | P-trend
Number 2798 2899 2819 -
PDI scores, median 46 [42-49] 55 [53-56] 63 [60-66] -
Energy; Kcal/day 2011 £633 2447 +640 2810 +628 <0.001
Carbohydrate; g/day | 354 +38.67 371 +37.69 390 +38.23 <0.001
Fiber; g/day 19.07 £5.50 22,03 £5.17 25.33 £5.47 <0.001
Fructose; g/day 16.02 £12.11 21.23 £11.36 | 26.65 +12.00 <0.001
Protein; g/day 85.27 +14.28 83.78 £13.21 | 81.79 £14.18 <0.001
Fat; g/day 77.30 £16.93 72.14£15.88 | 66.88 £16.83 <0.001
SFA; g/day 31.86 +8.99 27.72 £8.45 23.07 £8.97 <0.001
Cholesterol 314.1 £101 266.4 100 229 £100 <0.001
MUFA; g/day 19.73 £6.96 18.85 +£6.57 18.29 £6.98 <0.001
PUFA; g/day 9.25+4.33 10.52 £4.04 12.06 £4.30 <0.001
EPA + DHA, mg/day | 593 +153.39 499 +135.22 389 +136.27 <0.001
Calcium, mg/day 1247 +258 1204 +258 1155 +258 <0.001
Zinc, mg/day 9.33 +1.85 9.35+1.83 9.40 +1.84 0.363
Iron, mg/day 17.08 £3.47 17.06 +£3.29 16.85 +3.06 0.012
Sodium, mg/day 4821 £1324 4549 +1323 4289 +1324 <0.001
Vitamin B12, mg/day | 6.94 £5.01 6.78 £4.70 6.12 £4.39 0.034
Vitamin D, IU/day 44.65 £29.90 42.37 £28.66 | 40.40 +28.63 <0.001
Vitamin E; mg/day 6.02 £2.87 7.14 £2.69 8.51 £2.86 <0.001
Vitamin C; mg/day 81.40 +52.90 103.71 £52.22 | 130.37 +53.1 <0.001
Caffeine; mg/day 128.2 £94.30 146.3 £94.11 162.8 £94.07 <0.001

Table 3. Energy-adjusted dietary intake of participants across the tertiles of plant-based diet index.
Abbreviation. SFA: Saturated Fatty Acid; MUFA: Monounsaturated Fatty Acid; PUFA: Polyunsaturated Fatty
Acid, EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid. Values are shown as a mean +standard
deviation. P-trends were obtained using the ANCOVA test with the adjustment of energy intake.

Plant-Based Diet

Tertile 1 Tertile 2 | Tertile 3
Models | n:2798 n:2899 | n:2819 P-trend | odds ratio (95% CI) per standard deviation
Hepatic Steatosis

Crude 1 ]1.023(0.924 -1.114) | 1.152(1.035-1.282) | 0.009 1.067 (1.022-1.115
Model 1 |1 | 1.080 (0.969-1.204) 1.251 (1.120-1.397) | <0.001 | 1.107 (1.058-1.158
( (
( (

Model 2 | 1 | 1.005 (0.886-1.141) 1.054 (0.925 —1.201) | 0.437 1.041 (0.988-1.097
Model 3 | 1 | 1.059 (0.852-1.316) 0.989 (0.784 —1.249) | 0.966 1.025 (0.933-1.126
Hepatic Fibrosis

Crude 110.872

(

Model 1 | 1 | 0.846 (0.731-0.980
(
(

)
)
)
)

0.757-1.005 0.740 (0.639-0.858) | <0.001 | 0.881 (0.830-0.935

(

0.679 (0.581-0.792) | <0.001 | 0.844 (0.792-0.898
(
(

Model 2 | 1 | 0.772 (0.654-0.911
Model 3 | 1 | 0.613 (0.457-0.821

0.645 (0.539-0.771) | <0.001 | 0.836 (0.779-0.897
0.592 (0.430-0.815) | <0.001 |0.779 (0.685-0.885

) )
) )
) )
) )

Table 4. The odds ratio of having hepatic steatosis and fibrosis across the tertiles of plant-based diet scores.

1. Values are shown as mean (95% confidence interval). 2. Odds ratios were obtained using the binary logistic
regression test. Model 1: Adjusted for age and sex. Model 2: Further adjusted for energy intake and physical
activity, socioeconomic status, sleep duration, education status, and smoking status. Model 3: Further adjusted
for accompanying diseases, medications, and dietary supplement use.

(odds ratio: 1.025; 95% CI: 0.933-1.126). There was a statistically significant downward trend in the odds of
hepatic fibrosis across the tertiles of plant-based diet scores in the crude model. This downward trend remained
significant after adjusting for age and sex (P-trend <0.001) and persisted even after adjusting for energy intake
and physical activity levels. Further adjustments for lifestyle factors and medical conditions (Models 2 and
3) revealed that individuals with the highest adherence to plant-based diets had a 41% lower risk of hepatic
fibrosis compared to those with the lowest adherence (odds ratio: 0.592; 95% CI: 0.430-0.815; P-value <0.021).
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PDI Components Adjusted Odds Ratio (95% CI) | P-value
Hepatic steatosis

Healthy plant-based food groups 1.013 (0.993-1.032) 0.199
Unhealthy Plant-based food groups | 0.987 (0.954-1.021) 0.453
Animal-based food groups 1.003 (0.979-1.027) 0.833
Fructose intake (Z-score) 1.142 (1.021-1.278) 0.020
Hepatic Fibrosis

Healthy plant-based food groups 0.941 (0.916-0.966) <0.001
Unbhealthy Plant-based food groups | 0.963 (0.919-1.009) 0.111
Animal-based food groups 0.991 (0.959-1.024) 0.587
Fructose intake (Z-score) 0.992 (0.955-1.031) 0.109

Table 5. Multivariable adjusted odds ratio of hepatic steatosis and fibrosis with increasing the score of plant-
based diet (PDI) components and Fructose intake. Values are shown as mean (95% confidence interval). Odds
ratios were obtained using the binary logistic regression test. Adjusted for age, sex, energy intake, physical
activity, socioeconomic status, sleep duration, education status, smoking status, accompanying diseases,
medications, and dietary supplement use.

Sensitivity analyses showed that the odds ratio of hepatic fibrosis was decreased by 22% for each 1 SD increase
in plant-based diet scores (odds ratio per SD: 0.779; 95% CI: 0.685-0.885).

Multivariable-adjusted odds ratios of hepatic steatosis and fibrosis with increasing the score of plant-based
diet (PDI) components and fructose intake are shown in Table 5. Among these components, only the score of
healthy plant-based foods was associated with the odds of hepatic fibrosis (P-value <0.001). The odds ratio of
hepatic fibrosis was decreased by 6% for each increase in healthy plant-based food scores (odds ratio per unit:
0.941; 95%CI: 0.916-0.966). Additionally, fructose intake showed a positive relationship with hepatic steatosis.
The odds ratio of hepatic steatosis was increased by 14% for each 1 SD increase in fructose intake (odds ratio per
SD: 1.142; 95%CI: 1.021-1.278).

Discussion

In this large cross-sectional study, adherence to plant-based diets, especially those emphasizing healthy plant-
based foods, was associated with decreased odds of hepatic fibrosis. However, adherence to plant-based diets,
whether emphasizing healthy or unhealthy plant-based foods, was not associated with hepatic steatosis, likely
due to the high fructose content. We found that high fructose consumption from plant-based diets was associated
with an increased risk of hepatic steatosis. The robustness of these findings was determined through sensitivity
analysis. To our knowledge, this is the first large-scale study to assess the associations between plant-based diets
and their components with both hepatic steatosis and fibrosis in the Iranian population.

The present study showed that high adherence to plant-based diets was not associated with hepatic steatosis
after adjusting for potential confounding factors. The plant-based diet in our study emphasized high consumption
of both healthy and unhealthy plant-based food groups. In recent decades, plant-based diets have dramatically
grown in popularity because of claiming to reduce the risk of several non-communicable diseases such as
cardiovascular diseases and cancers®. However, our study does not support the hypothesis that high adherence
to plant-based diets can reduce the risk of hepatic steatosis. Few studies have highlighted the relationship
between plant-based diets and hepatic steatosis, with controversial results. Some studies such as those by Mazidi
et al.?, Li et al.?%, and Lv et al.?® showed a lower risk of hepatic steatosis with adherence to plant-based diets
rich in healthy plant-based food groups (including whole grain, fruit, vegetable, nut, legume, and vegetable oil),
However, Ratjen et al.?” did not find any associations between these plant-based diets and hepatic steatosis. On
the other hand, Mazidi et al.** and Lv et al.?® showed a higher risk of hepatic steatosis with adherence to plant-
based diets rich in unhealthy plant-based food groups (including fruit juice, sugar-sweetened beverages, refined
grain, and potato), while Li et al.>> and Ratjen et al.?’ did not find any associations. Furthermore, Mazidi et al.>
and Lv et al.?® showed that adherence to plant-based diets rich in both healthy and unhealthy plant-based food
groups was significantly associated with a lower risk of hepatic steatosis, but Li et al.>> and Ratjen et al.?” did not
find any associations, similar to our study.

Potential explanations for these discrepancies are largely due to differences in confounding factors and the
components of each plant-based diet regarding micronutrient and macronutrient content. Among the above-
mentioned studies, only Ratjen et al. conducted a comprehensive adjustment for potential confounders and then
observed that none of the associations remained statistically significant?”. Also, these studies did not provide
any information on the differences between plant-based diets in terms of micronutrients and macronutrients,
especially fructose content. But what is evident from these studies is that the plant-based diets that were associated
with increased odds of hepatic steatosis are rich in sources containing high fructose such as sugar-sweetened
beverages (SSBs) and fruit juices. Plant-based diets rich in healthy plant food groups are not necessarily low in
fructose when fruit consumption is high. Our results showed that fructose intake increased the odds of hepatic
steatosis by 14% for each standard deviation (SD) after adjusting for potential confounding factors. Therefore,
high fructose consumption from plant-based diets may be responsible for the absence of a favorable association
with hepatic steatosis.
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This finding is consistent with a recent meta-analysis from epidemiological studies that indicated excessive
fructose consumption increases the risk of hepatic steatosis?®. Fructose is preferentially metabolized by
hepatocytes. It increases intrahepatic metabolites for de novo lipogenesis (DNL) by bypassing key rate-limiting
steps of glycolysis, including glucokinase/hexokinase and phosphofructokinase. Also, fructose up-regulates
intrahepatic hepatic lipogenesis through the activation of key transcription factors related to DNL and hepatic
steatosis such as carbohydrate response element-binding protein (ChREBP) and sterol regulatory element-
binding protein 1c (SREBP1c)?°. Nomura et al. found that excessive fructose intake can worsen triglyceride
accumulation in the liver, a key feature of NAFLD*. This mechanism highlights the risk of consuming large
amounts of fructose, even in the context of a generally health-promoting plant-based diet. High fructose
consumption has been linked to the development of insulin resistance, another significant contributor to hepatic
steatosis. Insulin resistance impairs the body’s ability to regulate glucose and fat metabolism, leading to increased
fat accumulation in the liver. The origin of fructose significantly influences its metabolic effects. In fact, whole
fruits contain not only fructose, but also provide fiber, polyphenols, and other bioactive compounds thereby
slowing the process of absorption, support gastrointestinal health, especially gut health, and reduce glycemic
load. On the other hand, fructose from SSBs and fruit juice sources are rapidly absorbed, bypasses normal
satiety signaling, and provide excessive caloric intake and hepatic fat accumulation. This distinction between
whole food fructose particularly fruits and added sugars is crucial when explaining the health impact of plant-
based diets on liver outcomes>!. Plant-based diets rich in high-fructose foods could therefore negate some of the
protective effects typically associated with these diets. Also, plant foods, including whole grains, vegetables, and
legumes, not only contain low levels of fructose but also have high dietary fiber and polyphenols both of which
play an essential role in improving liver health by regulating inflammatory and metabolic pathways. In fact,
dietary fibers increase the production of short-chain fatty acids like butyrate which helps maintain the integrity
of gut barrier and decrease systemic endotoxemia which is a key factor of hepatic inflammation??. Additionally,
polyphenols, via their antioxidant and anti-inflammatory properties, inhibit key transcription factors such as
NF-xB and change the composition of gut microbiota in favor of anti-inflammatory taxa®*34. Eating plant-
based diets that are high in fiber, polyphenols, and antioxidants can improve liver health and reduce hepatic
steatosis. However, it's important to prioritize whole plant foods like vegetables, legumes, and whole grains, and
minimize the intake of processed foods and beverages that are high in fructose. These findings emphasize the
clinical importance of guiding individuals to adopt plant-based diets that are rich in plants. It is also crucial that
these diets are low in added sugars and refined carbohydrates. Prioritizing whole fruits over juices and limiting
processed plant-based snacks and sweetened drinks should be part of dietary counseling for individuals at risk
of NAFLD?¥. In fact, striking this balance between whole plant foods and limiting high-fructose processed foods
is crucial®®. Future research should carefully consider and control fructose intake when evaluating the effects of
plant-based diets on NAFLD. This approach will provide clearer insights into the benefits and risks associated
with such diets.

The present study also showed that adherence to a plant-based diet was associated with a lower risk of hepatic
fibrosis even after the adjustment for potential confounders. Consistent with our findings, Li et al. demonstrated
that adherence to vegetarian diets was associated with a reduced risk of hepatic fibrosis, as measured by FIB-4,
among participants in the National Health and Nutrition Examination Survey (NHANES)*. Similarly, a few
dietary patterns that look somewhat similar to plant-based diets have reported these associations. Soleimani
et al. showed that adherence to a healthy dietary pattern that is rich in fruits, vegetables, nuts, vegetable oils,
white meats, and low-fat dairy significantly reduced the risk of hepatic fibrosis®. Also, Sayegh et al. reported
that adherence to a traditional diet that is rich in vegetables, legumes, vegetable oils/olives, nuts, cooked rice,
red wine, and fish is reversely associated with a risk of hepatic fibrosis*. While the FIB-4 index is a non-
invasive substitute for liver fibrosis, its changes are often reflective of early alterations in extracellular matrix
turnover and hepatocellular injury. Lower FIB-4 scores in individuals adhering to plant-based diets may reflect
decreased hepatic stellate cell activation and collagen deposition, hallmarks of fibrogenesis*®*!. This explanation
is consistent with anti-inflammatory and antioxidant effects of polyphenols, which suppress TGF-3/Smad and
NF-«B pathways central to fibrosis progression??43. Indeed, hepatic fibrosis is characterized by the accumulation
of extracellular matrix (ECM) components in response to liver injury. Hepatic stellate cells (HSCs) store vitamin
A and regulate ECM turnover in the normal liver. In pathological conditions, HSCs are activated, migrate,
and subsequently transdifferentiate to myofibroblast-like cells in the injured sites of the liver. Activated HSCs
also express alpha-smooth muscle actin (a-SMA) and secrete large amounts of collagen type I and other ECM
proteins*%. In fact, activated HSCs proliferate and secrete extracellular matrix proteins, leading to scarring of
liver tissue?®. Moreover, oxidative stress and inflammation trigger the activation of HSCs*®. Recently, antioxidant
and anti-inflammatory compounds found in plant-based foods such as polyphenols (e.g., resveratrol, curcumin)
have been considered a promising approach for the management of hepatic fibrosis in subjects with NAFLD*’.
Furthermore, a review study revealed that natural compounds derived from plants, such as phenolic, flavonoid,
and sulfur-containing compounds, have been shown to have effective antifibrotic effects with minimal
side effects®. Additionally, Arslan et al. (2022) showed an association between increased adherence to the
Mediterranean diet, a kind of plant-based dietary approach, and decreased frailty in older adults. This finding
suggests that such dietary patterns offer systemic health advantages extending beyond specific organ systems like
the liver®. The findings indicate that the potential of plant-based diets to reduce chronic disease incidence and
promote healthy aging, underscoring the significance of dietary interventions, specifically in aging populations
susceptible to fibrosis-associated liver conditions.

Some plant-based foods such as grapes, berries, tea, coffee, chocolates, whole grains, legumes, and spices
contain numerous polyphenolic compounds that exert anti-inflammatory and antioxidant properties through
modulating key transcription factors involved in cellular protection against oxidative stress and inflammation
such as nuclear factor erythroid 2-related factor 2 (Nrf2)*°. Evidence indicates a protective role of coffee
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and tea on hepatic fibrosis®®°!. Our study also showed that following plant-based diets with higher caffeine
content had a protective effect against hepatic fibrosis. Also, p-caryophyllene, a component of essential oils in
various plants, can inhibit oxidative stress and reduce lipid peroxidation, both of which contribute to hepatic
fibrosis. This compound also inhibits the activity of enzymes such as 5-lipoxygenase, which is involved in
fibrogenesis®®. Moreover, plant-based diets can modulate key signaling pathways involved in fibrogenesis,
such as the transforming growth factor-beta (TGF-f)/Smad pathway. Compounds from plants like Curcuma
wenyujin have been found to block the TGF-B/Smad signaling pathway, which is central to HSC activation
and fibrosis progression. Also, plant-based diets help maintain a balance between matrix metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases (TIMPs), which regulate extracellular matrix turnover and
prevent excessive scarring®®. In addition, plant-based diets promote a healthy gut microbiome, which plays a
critical role in liver health. Fiber-rich plant-based foods encourage the growth of beneficial gut bacteria, such
as Bifidobacterium and Coprococcus, which produce short-chain fatty acids like butyrate. These compounds
reduce liver inflammation and fibrosis by enhancing gut barrier function and reducing endotoxin leakage that
would otherwise promote liver inflammation®*->°, In conclusion, the anti-fibrotic effects of plant-based diets
are mediated through several mechanisms, including inhibition of hepatic stellate cell activation, reduction
of oxidative stress and inflammation, modulation of fibrogenic signaling pathways, and interaction with the
gut microbiome. These factors collectively contribute to the reduction of hepatic fibrosis and underscore the
therapeutic potential of plant-based diets for liver health.

A limitation of the current study is related to cross-sectional design in which exposure and outcome are
simultaneously measured, where it is not possible to assess causal relationships. Therefore, our observations
need to be assessed in longitudinal or clinical trial studies. Another limitation is inevitable errors associated
with self-reported dietary intake using the FFQ. However, the FFQ is a valid and reliable questionnaire for
evaluating the relationship between diseases and overall dietary intakes in nutritional epidemiology studies with
large sample sizes. A strength of this study is that it provides more precise estimates of existing relations due to
the large sample size and control for numerous potential confounders. The findings of our present study should
be interpreted cautiously, as they may not be broadly generalizable, especially when considering individuals with
alcoholism and older adults.

This study emphasizes the intricate connection between plant-based diets and liver health, particularly
focusing on the impact of fructose content on hepatic outcomes. To validate our findings, future research should
prioritize long-term studies. These studies should aim to establish causal links between adherence to low-fructose
plant-based diets and the development of hepatic steatosis and fibrosis. Furthermore, randomized clinical trials
are crucial to assess the protective effects of these dietary patterns. These trials should concentrate on specific
dietary interventions with varying fructose levels and other components to understand their influence on liver
function. Additionally, it is important to investigate the underlying biological mechanisms through which low-
fructose plant-based diets provide liver protection. Future studies should evaluate the quality of plant-based
diets, including the role of fiber, antioxidants, and overall nutrient density. It is also important to include diverse
populations in these studies to enhance the generalizability of the findings. Pursuing these research avenues will
help gain a deeper understanding of the intricate relationship between plant-based diets and liver health. This
understanding will ultimately help in developing more effective dietary recommendations for preventing hepatic
steatosis and fibrosis.

This study illustrated that following plant-based diets is associated with a decreased risk of liver fibrosis. It also
found that high fructose intake can increase the risk of hepatic steatosis. Therefore, it is important to differentiate
between sources of fructose. Whole fruits, rich in fiber and polyphenols, might have protective effects, whereas
refined or concentrated sources might promote liver fat accumulation. For optimal liver health, clinical advice
should emphasize plant-based diets high in fiber, antioxidants, and minimally processed foods, while limiting
fructose-dense products such as fruit juices, SSBs, and sweetened plant-based snacks. Furthermore, encouraging
consumption of whole vegetables, legumes, whole grains, and moderate amounts of fruit might help enhance
anti-inflammatory responses and support the beneficial modulation of gut microbiota. Future clinical trials are
warranted to confirm these findings and to assess the mechanistic pathways mediating the effects of plant-based
diets on liver outcomes.
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