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Polyunsaturated fatty acids (PUFA) have been shown to reduce liver fat com-
pared to saturated fat, but effects of a novel “anti-lipogenic” diet replacing
carbohydrates with PUFA (LCPUFA) or a low-fat healthy Nordic diet (HND) rich
inwhole-grains are unknown. The objective of this studywas to investigate the
effects of these diets, as compared with usual care (UC), on liver fat (primary
outcome) and related glycemic and lipid disorders after 12 months of inter-
vention, in individuals with prediabetes or type 2 diabetes (T2D). A three-arm
parallel ad libitum randomized trial was completed in December 2022
(NCT04527965). Outcome assessors and care providers were blinded to par-
ticipants’ diets. Men and women (n=150) with prediabetes or T2D (55%) were
randomized in a 1:1:1 allocation ratio, stratified by sex and T2D status, andwere
assessed at the Uppsala Academic hospital. General linear models were
employed to estimate intention-to-treat effects. Liver fat was reduced after the
LCPUFA diet (n=54) and the HND (n=51) when compared to UC (n=43); -1.46%
(95% CI: -2.42, -0.51)) and -1.76 % (95% CI: -2.96, -0.57), respectively. No dif-
ference in liver fat between LCPUFA and HND was observed. Body weight and
HbA1c decreased more in the HND versus the other diets, whereas no differ-
ences were observed between LCPUFA and UC. LDL-cholesterol was reduced
to a similar extent during theHND and LCPUFAdiet, compared toUC, whereas
only HND reduced triglycerides, inflammation and liver enzymes. In total,
n=4 serious adverse events occurred, distributed among groups. An ad libitum
mainly plant-based LCPUFA diet and HND similarly reduced liver fat and LDL-
cholesterol, compared with UC. Even without intentional energy restriction,
the HND further improved body weight, glycemic control, liver biochemistry,
triglycerides, and inflammation, suggesting a HND as a clinically feasible diet
for the management of T2D and metabolic dysfunction-associated steatotic
liver disease (MASLD).
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Accumulation of liver fat predisposes to non-alcoholic fatty liver dis-
ease (NAFLD), a spectrum of diseases strongly associated with
impaired glucose and lipid homeostasis seen in type 2 diabetes (T2D)1.
As T2Ddevelops, the inflammatory state of the steatotic liver is further
exacerbated, and may lead to non-alcoholic steatohepatitis (NASH)
and progression of fibrotic scarring2. Considering a possible causal
role of NAFLD in inducingmultiplemetabolic disorders, targeting liver
fat through dietary interventions may be a viable strategy to prevent
steatotic liver disease from developing and improve glucose home-
ostasis in individuals with impaired glucose control or T2D3.

Short-term trials from our group have demonstrated a reduction
in liver fat when individuals consume a diet rich in polyunsaturated
fatty acids (PUFA) compared to saturated fatty acids (SFA)4–6. Rando-
mized trials that lower total carbohydrates have also shown a

reduction in liver fat7,8, although effects may differ between studies
depending on the contrasting quality of carbohydrates (refined versus
whole-grains) and fat (SFA versus PUFA or monounsaturated fatty
acids (MUFA))9–13. An overall plant-based low-carbohydrate diet with a
focus on high-quality carbohydrates, low SFA and high omega-6 PUFA
content has not yet been investigated in people with T2D or pre-
diabetes. Postprandially, n-6 PUFA are oxidized more rapidly than
SFA14. In addition, n-6 PUFA have been suggested to inhibit de novo
lipogenesis (DNL), a metabolic pathway that is upregulated in T2D and
by a higher intake of refined carbohydrates15. We hypothesized that a
customized “anti-lipogenicdiet” including a lowering of carbohydrates
and replacing SFAwith PUFA, could reduce liver fat content effectively.

For dietary management of T2D, a plant-based, low-fat food
pattern has also been recommended, but more long-term clinical
studies are highly warranted16. A healthy Nordic diet (HND), rich in
high-quality carbohydrates (derived from e.g., whole-grain bread and
oats) and lower in fat intake with an emphasis of decreasing SFA
intake has been shown to improve cardiometabolic risk factors over
6–26 weeks in people with hypercholesterolemia, overweight and
metabolic syndrome compared to a habitual average Nordic diet17–19,
but more long-term data in people with T2D are yet lacking20. In
addition, the effects of a HND on liver fat content is unknown. Thus,
examining the effects of an overall plant-based and healthy low-
carbohydrate high PUFA (LCPUFA) diet, or a HND, as compared with
a usual care (UC) dietary treatment of T2D would be of high clinical
relevance and can provide evidence for dietary treatment of the
metabolic disorders of T2D. Importantly, there is a need for long-
term RCTs investigating diets in people with T2D specifically16, as
well as examining diets for treating NAFLD.

In thiswork,we investigate the effects of a LCPUFAdiet and aHND
on liver fat content (primary outcome) and related cardiometabolic
risk factors (secondary outcomes) in men and women with T2D or
prediabetes during 12 months of intervention. We show that an “anti-
lipogenic” LCPUFAdiet and aHND causes similar reductions in liver fat
and LDL-cholesterol as compared with UC. Only the HND causes fur-
ther improvements in body weight, glycemic control, liver biochem-
istry, triglycerides, and inflammation, suggesting the HND as a
clinically feasible diet for the management of both T2D and NAFLD.

Results
Baseline characteristics are presented in Table 1 as median (inter-
quartile range (IQR)), mean ± standard deviation (SD) or n (%). Study
participants were 65 (10) years old at baseline, had a BMI of
30.1 ± 3.6 kg/m2 (LCPUFA), 29.5 ± 3.7 kg/m2 (HND), 30.3 ± 3.2 kg/m2

(UC) and a distribution of women/men of 41/59% (LCPUFA), 39/61%
(HND) and 37/63% (UC). Median glucose levels were comparable
between groups whereasmedian percentage of liver fat was 6.3 (6.9)%
for LCPUFA, 6.4 (5.5)% for HND and 8.7 (10.8)% for UC.

Drop-out rate and adherence to the assigned diets
Ten out of 150 randomized participants were lost to follow-up after 1
year (< 7%), of which n = 2 dropped out before being informed of their
diet (Fig. 1). More participants dropped out in the LCPUFA group than
in the other diet groups. Over the follow-up period, 94% of all food
bags (1362/1445) were collected at the study site by the participants
who remained in the study.Mean differences in energy intake between
groups were 178.4 (95% CI: 32.0, 325.0) kcal for LCPUFA vs HND, 142.9
(−11.0, 297.0) kcal for LCPUFA vs UC and −35.5 (−193.0, 122.0) kcal for
HND vs UC. Statistically significant differences between groups in the
proportion of energy from carbohydrates, fat, SFA, MUFA, PUFA, F&V,
including berries, oats, nuts and seeds, sunflower oil and butter were
observed. Mean differences in carbohydrate intake were −12.2 (95%CI:
−14.8, −9.7) E% for LCPUFA vs HND, −13.2 (−15.9, −10.5) E% for LCPUFA
vs UC and −1.0 (−3.8, 1.7) E% for HND vs UC whereas mean differences
in fat intake were 13.8 (95% CI: 11.3, 16.2) E% for LCPUFA vs HND, 14.5

Table 1 | Baseline characteristicsa

LCPUFA
(n = 54)

HND (n = 51) UC (n = 43)

Sex (n (%) women) 22 (41) 20 (39) 16 (37)

Age (years) 65 (10) 65 (10) 65 (10)

BMI (kg/m2) 30.1 ± 3.6 29.5 ± 3.7 30.3 ± 3.2

Current smoking
(n (%))

6 (11) 1 (2) 2 (5)

University (n (%)) 34 (63) 29 (57) 30 (70)

T2D (n (%)) 30 (56) 23 (45) 28 (65)

Alcohol consumers
(n (%))

44 (81) 47 (92) 38 (88)

PEth (µmol/L) 0.05 (0.06) 0.05 (0.05) 0.05 (0.02)

Liver fat (%) 6.3 (6.9) 6.4 (5.5) 8.7 (10.8)

NAFLD (n (%)) 26 (48) 30 (59) 30 (70)

Glucose (mmol/L) 6.7 (1.9) 6.7 (1.6) 6.7 (1.0)

HbA1c (mmol/L) 42.0 (12.0) 40.0 (10.0) 40.0 (9.0)

Total cholesterol
(mmol/L)

4.6 ± 1.2 5.1 ± 1.3 5.0 ± 1.1

LDL-cholesterol
(mmol/L)

2.8 ± 1.1 3.2 ± 1.1 3.1 ± 1.1

Triglycerides
(mmol/L)

1.3 (0.6) 1.3 (0.8) 1.4 (0.8)

SBP (mmHg) 130.6 ± 14.6 134.3 ± 14.3 135.4 ± 13.5

DBP (mmHg) 83.1 ± 9.0 84.8 ± 8.2 85.4 ± 8.3

Antidiabetic medi-
cations (n (%))

22 (41) 20 (39) 24 (56)

Antihypertensive
medications (n (%))

34 (63) 25 (49) 25 (58)

Lipid-lowering
medications (n (%))

26 (48) 21 (41) 15 (35)

PNPLA3 I148M (n
(%) CC)

33 (61) 32 (63) 22 (51)

Total energy
intake (kcal)

2091.2 ± 636.4 2010.5 ± 592.8 2078.2 ± 650.5

Carbohydrates (E%) 44.0 ± 6.0 42.6 ± 6.1 39.3 ± 7.8

Fiber (g) 20.5 (10.6) 19.4 (7.7) 20.9 (9.0)

Protein (E%) 15.6 (3.9) 16.2 (4.7) 17.3 (4.3)

Fat (E%) 35.7 ± 5.6 37.1 ± 5.8 41.1 ± 7.7

SFA (E%) 13.2 (2.4) 13.9 (2.8) 16.0 (4.9)

MUFA (E%) 13.7 ± 2.7 14.1 ± 2.6 15.8 ± 3.8

PUFA (E%) 5.1 (2.6) 5.0 (2.2) 5.1 (2.2)
aData are presented as mean ± standard deviation (SD), median (interquartile range (IQR)) or
counts (%). BMI Body Mass Index, DBP Diastolic Blood Pressure, HbA1c Haemoglobin A1c, HND
Healthy Nordic Diet, LCPUFA Low Carbohydrate Polyunsaturated Fatty Acids, LDL Low-Density
Lipoprotein, NAFLD Non-Alcoholic Fatty Liver Disease, PEth Phosphatidylethanol, PNPLA3
Patatin-Like Phospholipase domain-containing protein 3, SBP Systolic Blood Pressure, UC
Usual Care.
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(11.8, 17.1) E% for LCPUFA vs UC and 0.7 (−2.0, 3.4) E% for HND vs UC.
The LCPUFA group consumed more PUFA, nuts and seeds and sun-
flower oil compared to the other groups, whereas the HND group
consumedmore oats compared toboth the LCPUFA andUCgroup and
more whole-grain bread compared to LCPUFA. No statistically sig-
nificant differences between groups were observed for fiber, protein,
fatty fish, red and processed red meat as well as rapeseed oil (Table 2
and Fig. 2). Participants were overall satisfied and motivated to con-
tinue with their assigned diet in all diet groups (Supplementary
Table 3).

For plasma biomarkers of dietary intake, mean differences in
plasma PL linoleic acid between groups were 2.36 (95% CI: 1.49, 3.23)%
for LCPUFA vs HND, 2.85 (1.92, 3.78)% for LCPUFA vs UC and 0.49
(−0.45, 1.43)% for HND vs UC. Statistically significant between-group
differences were also observed for PL EPA and DHA, as well as for TAG
16:1n-7 (Fig. 3). No statistically significant between-group differences
were observed for total AR nor 17:0/21:0 (Supplementary Table 4).

Primary outcome (liver fat)
A statistically significant between-group effect was observed for liver
fat (P =0.01). Median differences between groups were 0.30 (95% CI:
−0.52, 1.11)% for LCPUFA vs HND, −1.46 (−2.42, −0.51)% for LCPUFA vs
UC, favoring LCPUFA, and −1.76 (−2.96, −0.57)% for HND vs UC,
favoring HND (Table 3 and Fig. 4A). Similar estimates were observed in
the per-protocol analyses (Supplementary Table 5).

Secondary outcomes
Statistically significant between-group effects were observed for body
weight, HbA1c, CRP, LDL-cholesterol, total cholesterol and triglycer-
ides. Mean differences in body weight between groups were 2.46 (95%
CI: 0.71, 4.21) kg for LCPUFA vs HND, −0.31 (−2.18, 1.57) kg for LCPUFA
vsUC and −2.77 (−4.64, −0.90) kg forHNDvsUC.Differenceswere also

observed for HbA1c (1.69 (95% CI: 0.24, 3.13)mmol/mol for LCPUFA vs
HND, −0.46 (−1.96, 1.04)mmol/mol for LCPUFA vsUC and −2.15 (−3.67,
−0.62)mmol/mol for HND vs UC) and CRP (0.26 (95% CI: −0.05,
0.57)mg/L for LCPUFA vs HND, −0.22 (−0.66, 0.22)mg/L for LCPUFA
vs UC and −0.48 (−0.84, −0.12)mg/L for HND vs UC) (Table 3 and
Fig. 4B–G).

For lipids, between-group differences were observed for LDL-
cholesterol (0.02 (95% CI: −0.20, 0.24)mmol/L for LCPUFA vs HND,
−0.28 (−0.51, −0.04)mmol/L for LCPUFA vs UC and −0.29 (−0.53,
−0.06)mmol/L for HND vs UC) and triglycerides (0.13 (95% CI: −0.12,
0.38)mmol/L for LCPUFA vs HND, −0.24 (−0.50, 0.02)mmol/L for
LCPUFA vsUC and −0.37 (−0.62, −0.11)mmol/L for HNDvsUC). Similar
estimates as for LDL-cholesterol were observed for total cholesterol
(Table 3 and Fig. 4B–G). Similar estimates were observed in the per-
protocol analyses (Supplementary Table 5).

No differences in HDL-cholesterol, SBP, DBP, FIB-4, fasting plasma
glucose, apoB, apoA1, insulin or HOMA-IR were shown (Table 3).

Exploratory outcomes (liver enzymes)
Statistically significant between-group effects were observed for ALAT
and ASAT, but not for GGT. Mean differences in ALAT levels between
groups were 0.03 (95% CI: −0.02, 0.07) ukat/L for LCPUFA vs HND,
−0.07 (−0.14, 0.01) ukat/L for LCPUFA vs UC and −0.10 (−0.17,
−0.02) ukat/L for HND vs UC.Mean differences in ASAT levels between
groups were 0.06 (95% CI: 0.00, 0.11) ukat/L for LPUFA vs HND, −0.01
(−0.08, 0.06) ukat/L for LCPUFA vs UC and −0.07 (−0.14, 0.00) ukat/L
for HND vs UC (Table 4 and Fig. 5).

Subgroup analyses
Change in liver fat between groups were in the same direction as for
the primary analysis and statistically significant for individuals with
T2D (not for prediabetes), thosewithoutNAFLD (not NAFLD) aswell as

Pre-screening phone interview (n=381)

Scheduled screening visit (n=222)

Randomized (n=150)

Randomized to receive LCPUFA (n=56)
• Received allocated diet (n=54)

• Drop-outs before being informed of
the allocated diet (n=2)

Randomized to receive HND (n=51)
• Received allocated diet (n=51)

Randomized to receive UC (n=43)
• Received allocated diet (n=43)

Analyzed for the primary analysis (n=54) Analyzed for the primary analysis (n=51) Analyzed for the primary analysis (n=43)

Completed study period (n=50)
• Lost to follow-up (n=4)

• Difficulties adhering to the diet (n=2)
• Could not be reached (n=1)
• Bodily pain (n=1)

Completed study period (n=50)
• Lost to follow-up (n=1)

• Could not be reached (n=1)

Completed study period (n=40)
• Lost to follow-up (n=3)

• Difficulties adhering to the diet (n=1)
• Gastrointestinal issues (n=1)
• Personal reasons (n=1)

Excluded (n=159)
• Did not answer the phone/not eligible (n=159)

Excluded (n=72)
• Cancelled the screening visit (n=36)
• Not meeting criteria for prediabetes (n=8)
• BMI <25 or >40 kg/m2 (n=8)
• No motivation to adhere to the diets (n=9)
• Other (n=11)

Analysis Analysis

Allocation Allocation

Follow-up Follow-up

Enrollment

Fig. 1 | Flow-chart of the NAFLDiet trial. Follow-up is after 12 months. HNDHealthy Nordic Diet, LCPUFA Low-carbohydrate Polyunsaturated Fatty Acids, UC Usual Care.
Source data are provided as a Source Data file.
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for individuals with the I148M PNPLA3 CC-genotype (not CG/GG). No
sex-specific effects were observed as between-group changes in liver
fat was non-statistically significant for both men and women (Supple-
mentary Tables 6 and 7).

Subgroup analyses for HbA1c, total cholesterol, LDL-cholesterol,
HDL-cholesterol, triglycerides, apoB and apoA1 are presented in Sup-
plementary Tables 6 and 7. In general, effect estimates were in the
same direction as for the primary analysis and between-group
statistical significance were generally observed for men (over
women), individuals with T2D (over prediabetes), individuals with
NAFLD (over no NAFLD) and individuals with the I148M PNPLA3
CC-genotype (over CG/GG). Between-group changes in LDL-
cholesterol were only statistically significant for individuals with no
NAFLD at baseline (vs NAFLD), whereas HDL-cholesterol was only
statistically significant for individuals with the I148M CG/GG genotype
(vs CC).

Sensitivity analyses
Effect estimates from the primary analysis were robust in sensitivity
analyses, which included excluding co-randomized household pairs
(n = 4 pairs) and using an alternative imputation mechanism whereby
values of BMI at months 6 and 12 were utilized as predictors. When
excluding co-randomized household pairs, the estimates for liver fat
were: LCPUFA vs UC: −1.47 (95% CI: −2.52, −0.42), p =0.006; HND vs
UC: −1.69 (−2.98, −0.41), p = 0.01; LCPUFA vs HND: 0.22 (−0.70, 1.14),
p =0.64. For the latter sensitivity analysis, the estimates for liver fat
were as follows: LCPUFA vs UC: −1.51 (95% CI: −2.50, −0.53), p = 0.003;
HND vs UC: −1.76 (−2.96, −0.55), p = 0.004; LCPUFA vs HND: 0.24
(−0.56, 1.05), p =0.55.

Post-hoc analysis
For liver fat, PMbyweight changewas 74 (95%CI: −6, 153)% for LCPUFA
vsHND, 21 (−38, 80)% for LCPUFAvsUCand 56 (5, 107)% forHNDvsUC
(Supplementary Fig. 6).

Descriptive analysis on NAFLD and prediabetes remission
For those with complete data on NAFLD status, 53.6% had remission of
NAFLD in the HND group, whereas the corresponding numbers for the
LCPUFA diet and UC were 17.4% and 16.7%, respectively. For pre-
diabetes remission, 17.9% had remission in the HND group whereas
17.4% had remission in the LCPUFA group and 7.1% in UC (Supple-
mentary Fig. 4).

Adverse events
No major differences in the total number of reported adverse events
were noticeable between groups. However, the LCPUFA group repor-
ted more events of gastrointestinal issues compared to the HND and
theUCgroups,whereas theUCgroup reported somewhatmoreevents
of bodily pain compared to the LCPUFA andHND groups. Four serious
adverse events (n = 2 in the LCPUFA group, n = 1 in the HND group and
n = 1 in the UC group) were reported (n = 2 hospitalizations from kid-
ney stones, n = 1 hospitalization from a gallbladder operation and n = 1
hospitalization from a serious allergic reaction) (Supplementary
Table 8).

Co-interventions
Participantswere allowed tomake changes to their use ofmedications,
but not to their use of supplements, nor alcohol- or physical activity
habits. Both allowed and unwanted co-interventions are presented
here. Number of participants who engaged in any co-intervention
other than changes in dietary supplements, medications, physical
activity patterns, or alcohol consumptionwere somewhat higher in the
LCPUFA andUC groups than in the HND group (Supplementary Fig. 2).
The number of participants who changed dietary supplements over
the study periodwere higher in the LCPUFAandHNDgroup compared
to the UC group. These differences were primarily explained by dif-
ferences in the initiation of vitamin supplements. No clear differences
were noticeable for alcohol consumption between groups (assessed
using both WFD and the PEth biomarker) (Supplementary Table 9).

Table 2 | Within-group changes and overall test of the difference in means/medians between groups of dietary components

LCPUFA (M0)a HND (M0)a UC (M0)a EMM (95% CI)b M12-
M0 LCPUFA (n = 54)

EMM (95%CI)b M12-
M0 HND (n = 51)

EMM (95% CI)b

M12-M0UC (n = 43)
P-valuec

Total energy (kcal) 2091.2 ± 636.4 2010.5 ± 592.8 2078.2 ± 650.5 −64.2 (−167.0, 38.7) −242.6
(−348.0, −136.9)

−207.1
(−325.0, −89.2)

0.04

Carbohydrates (E%) 44.0 ± 6.0 42.6 ± 6.1 39.3 ± 7.8 −10.5 (−12.3, −8.8) 1.7 (−0.2, 3.5) 2.7 (0.6, 4.7) <0.0001

Fiber (g) 20.5 (10.6) 19.4 (7.7) 20.9 (9.0) 3.1 (1.0, 5.2) 5.8 (3.7, 7.9) 6.6 (4.3, 9.0) 0.05

Protein (E%) 15.6 (3.9) 16.2 (4.7) 17.3 (4.3) 0.6 (−0.2, 1.4) 1.4 (0.5, 2.3) 1.4 (0.5, 2.4) 0.31

Fat (E%) 35.7 ± 5.6 37.1 ± 5.8 41.1 ± 7.7 11.1 (9.4, 12.9) −2.7 (−4.4, −0.9) −3.3 (−5.4, −1.3) <0.0001

SFA (E%) 13.2 (2.4) 13.9 (2.8) 16 (4.9) −2.8 (−3.6, −2.0) −3.4 (−4.3, −2.6) −1.5 (−2.5, −0.6) 0.01

MUFA (E%) 13.7 ± 2.7 14.1 ± 2.6 15.8 ± 3.8 3.7 (2.8, 4.6) 0.4 (−0.5, 1.4) −0.6 (−1.7, 0.5) <0.0001

PUFA (E%) 5.1 (2.6) 5.0 (2.2) 5.1 (2.2) 10.0 (8.9, 11.1) 2.4 (1.3, 3.4) 0.2 (−1.0, 1.4) <0.0001

F&V including berries (E%) 6.0 (5.3) 5.4 (4.0) 6.8 (6.7) 2.3 (0.7, 3.9) 2.1 (0.6, 3.7) 6.7 (4.9, 8.5) 0.0001

Fatty fish (E%) 1.0 (3.9) 1.2 (5.1) 0.0 (4.3) 1.6 (0.4, 2.8) 2.3 (1.1, 3.5) 0.8 (−0.6, 2.2) 0.31

Red meat and processed
red meat (E%)

8.8 ± 5.8 10.1 ± 5.7 10.3 ± 7.0 −2.7 (−4.5, −0.9) −3.6 (−5.4, −1.9) −2.4 (−4.3, −0.4) 0.58

Nuts and seeds (E%) 0.8 (6.0) 0.0 (3.0) 0.0 (5.1) 16.2 (14.1, 18.4) 2.7 (0.5, 4.8) 1.0 (−1.4, 3.4) <0.0001

Oats (E%) 0.0 (3.6) 0.0 (2.5) 0.0 (2.8) −1.6 (−2.3, −0.8) 2.8 (2.0, 3.5) −0.6 (−1.5, 0.2) <0.0001

Sunflower oil (E%) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) 4.2 (2.8, 5.7) −2.2 (−2.7, −1.7) −2.2 (−2.4, −1.9) <0.0001

Rapeseed oil (E%) 0.0 (0.0) 0.0 (0.0) 0.0 (0.0) −0.3 (−0.4, −0.2) −0.2 (−0.3, −0.1) −0.3 (−0.3, −0.2) 0.05

Butter (E%) 1.9 (3.8) 2.9 (4.4) 3.3 (5.7) −2.3 (−2.9, −1.6) −2.5 (−3.2, −1.8) −0.3 (−1.1, 0.5) <0.0001

Whole-grain bread (E%) 5.4 (8.3) 5.1 (6.8) 3.0 (8.4) −1.6 (−3.1, −0.2) 2.9 (1.5, 4.3) 1.8 (0.2, 3.4) <0.0001
aData are presented as mean ± standard deviation (SD) or median (interquartile range (IQR)) for descriptive values at baseline (M0) (n = 146) for each diet.
bEstimatedmarginalmeans ormedians (EMM)with corresponding 95%confidence intervals (CI) are presented for the change in nutrients and/or foodswithin each diet group. EMMs are conditioned
on baseline value of the outcome, presence of type 2 diabetes and gender.
cTwo-sided p-values are calculated from the general linear model (GLM) or corresponding Kruskal–Wallis (KW) test for the overall test of between-group differences. E% Energy Percentage, EMM
EstimatedMarginal Means, F&VFruits andVegetables, HNDHealthyNordic Diet, LCPUFA LowCarbohydrate Polyunsaturated Fatty Acids,MUFAMonounsaturated Fatty Acids, PUFA Polyunsaturated
Fatty Acids, SFA Saturated Fatty Acids, M0 Baseline, M12 Month 12, UC Usual Care.
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Number of participants who changed total medications relevant to the
primary and secondary outcomes of the study (antihypertensives,
anticoagulants, lipid-lowering and antidiabetic medications) as well
as antidiabetic medications alone, were higher in the HND and UC
groups compared to the LCPUFA group. These differences were

primarily explained by differences in the increase of metformin dose,
initiations of lipid-lowering medications and initiations and change of
dose of antihypertensive medications (Supplementary Fig. 3). No
data from pedometers were retrieved due to reasons explained
in Supplementary Material.
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Discussion
In this 1-year randomized trial, we investigated two ad libitum diets
that have not been previously tested in individuals with T2D or pre-
diabetes. We examined a customized “anti-lipogenic diet”, a diet high
in plant-based PUFA, but low in carbohydrates and SFA. This LCPUFA
diet had beneficial effects on liver fat and plasma LDL-cholesterol
concentrations compared with UC, despite no difference in body
weight between the groups. We also showed that a healthy low-fat
Nordic diet reduced liver fat and LDL-cholesterol to a similar extent as
the LCPUFA diet, but notably the HND also reduced CRP, ALAT, ASAT,
and triglycerides compared to UC, as well as induced a moderate
weight reduction and improvement in long-term glycemic control
comparedwithUC and the LCPUFAdiet. Thus, theHNDwas overall the
most effective diet for the treatment ofT2D andprediabetes, including
improving multiple metabolic disorder seen in NAFLD.

This is to our knowledge the longest study that has investigated
the effects of a low-carbohydrate high PUFA diet on liver fat content in
T2D and prediabetes. Dalby-Hansen et al. showed in a 6-month long
randomized trial in people with T2D that a conventional low-

carbohydrate high-fat (LCHF) diet lowered HbA1c levels and weight
compared to a conventional high-carbohydrate, low-fat diet21. How-
ever, no improvement in NAFLD activity score (NAS), as assessed by
liver biopsies, was observed. In addition, the LCHF diet induced higher
plasma LDL-cholesterol levels than the low-fat diet, a finding shown in
other studies using conventional LCHF diets16. It was thus notable that
the current overall plant-based low-carbohydrate diet high in PUFA,
but low in SFA, clearly reduced LDL-cholesterol as compared with UC.
In contrast to our protocol, the low-carbohydrate diet reported by
Dalby-Hansen et al. emphasized increased intake of animal-based SFA-
rich foods such as butter, meat and high-fat dairy. SFA from butter, in
particular, is known to increase LDL-C and liver fat compared to other
foods4,22–24. These findings emphasize the clinical importance of diet
quality and in particular that low-carbohydrate diets should be plant-
based with less animal fats to avoid increased LDL-C concentrations
and other possible adverse health effects16. Interestingly, despite no
change in weight between the LCPUFA and the UC group in our study,
an absolute change in liver fat content of −1.46% was observed, cor-
roborating previous studies from our group and others that diet may

Fig. 2 | Macronutrients and foods. Between-group differences of
Amacronutrients (E%) andB foods (E%). Intention-to-treat (ITT) point estimates (in
E%) and corresponding 95% confidence intervals (CI) within parentheses are
demonstrated for macronutrients and foods that were statistically significant in
between-group comparisons of the general linear model (GLM)/Kruskal–Wallis
(KW) test (Table 2). Estimates and two-sided p-values are derived fromaGLMor the
Willets residual method. E% Energy Percentage, F&V Fruits And Vegetables, HND

Healthy Nordic Diet, LCPUFA Low Carbohydrate Polyunsaturated Fatty Acids,
MUFA Monounsaturated Fatty Acids, PUFA Polyunsaturated Fatty Acids, SFA
Saturated Fatty Acids, M0 Baseline, M12 Month 12, UC Usual Care. Point estimates
with grey color refer to the comparison betweenHND vs UC; light green LCPUFA vs
UC; dark green LCPUFA vs HND. Grey shading is used to separate the three diet
comparisons. Source data are provided as a Source Data file. n (LCPUFA) = 54;
n (HND) = 51; n (UC) = 43.
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Linoleic acid, omega-3 EPA and omega-3 DHA are measured in phospholipids.
Palmitoleic acid is measured in triacylglycerols. Bars represent within-group
changes (in % of total fatty acids) with corresponding 95% confidence intervals (CI).
The overall test of between-group differences was assessed using a general linear
model (GLM). P-values are two-sided and no corrections for multiple comparisons
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Source Data file, wherebywithin-group changes in plasma fatty acids and between-
group effect estimates with corresponding two-sided p-values are presented.
n (LCPUFA) = 54; n (HND) = 51; n (UC) = 43.
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have weight-independent effects on liver fat4–11,13,22. In fact, according
to our CMA only 21 (95%CI: −38, 80)% of the total causal effect on liver
fat could be explained by a change in weight between the LCPUFA and
theUCgroup, although theprecisionof the estimatedmediation effect
was low (Supplementary Fig. 6). Furthermore, 16:1n-7 in TAG, a
potential biomarker of DNL, was reduced in the LCPUFA diet group
compared to both UC and HND, supporting the idea of an anti-
lipogenic effect from lowering carbohydrates and increasing dietary
PUFA, with the caveat that plasma 16:1n-7 has been questioned lately
whether it reflects DNL or not25.

The HND reduced liver fat by 1.76% compared to UC, of which 56
(95%CI: 5, 107)% of the total causal effect was explained by a change in
body weight between groups (Supplementary Fig. 6). Similar reduc-
tions in liver fatwere observed between theHND and the LCPUFA diet.
However, the HND lowered HbA1c and body weight more than the
LCPUFA group. The HND also improved several other cardiometabolic
risk markers (triglycerides, LDL-C, liver enzymes and CRP) compared
toUC,which in partmight have been explainedby a larger reduction in
body weight through higher ad libitum intake of fiber-rich and satiat-
ing foods (e.g., oats)26. Other potential weight-independent mechan-
isms that may explain the intervention effects from the HND are
increases in the consumption of oats (compared to UC and LCPUFA),
whole-grain bread (compared to LCPUFA) and a reduction in butter
consumption (compared to UC), dietary changes that may have
directly improved postprandial glucose excursions, cholesterol
absorption and lipid metabolism27–29. Previous short-term randomized
trials on the healthy Nordic diet support our findings on the effects on
blood lipids and body weight17–19.

Clinical relevance
As NAFLD is defined by the presence of steatosis in more than 5% of
liver cells, a 1.46–1.76% absolute difference (corresponding to a rela-
tive difference in liver fat of 20–25%) between the LCPUFA group and
UC and the HND and UC, respectively, is important. Notably, the liver

fat reduction after HND (−22%), HbA1c and blood lipids were even
moremarked in participantswith T2D (SupplementaryTables 6 and 7),
also showing larger differences between diets. Overall, these results
are of clinical relevance, especially considering that this effect was
sustained at 1 year, and was accompanied by an overall improvement
of the cardiometabolic risk profile included in the new MASLD diag-
nosis, and with few adverse events. Interestingly, Tamaki et al. showed
that a 25% reduction in liver fat was accompanied by an increased odds
of fibrosis regression in patients with NAFLD over 1.4 years of follow-
up30. In addition, compared to healthy controls, non-alcoholic fatty
liver (NAFL), in the absence of NASH and fibrosis, is associatedwith all-
cause mortality, hepatocellular carcinoma (HCC) and extrahepatic
cancers31,32. The reduction in liver fat for the intervention diets was
furthermore accompanied by a reduction in LDL-cholesterol of
0.28–0.29mmol/L, corresponding to an estimated 5–10% risk reduc-
tion of incident CVD, if sustained long-term33. The HND also improved
liver enzymes compared toUC, suggesting not only a reduction in liver
fat but potentially also other beneficial hepatic effects. The lack of
effect on FIB-4 is however, not that surprising, given this fibrosis
marker is not very sensitive to smaller changes, and that more sub-
stantial interventions over longer time are necessary to see significant
changes infibrosis, especially if the degree of fibrosis is low at baseline,
as in the current study.

Notably, the current favorable effects were achieved without
advising energy-restricted diets, but was advised merely as ad libitum.
Thus, the results of this study should be viewed in terms of this food-
based intervention, and may not be comparable to previous more
extreme energy-restricted diets that primarily aimed for weight loss.

Notably, our descriptive analysis showed that more than half
(~ 54%) of the randomized patients to the HND had a remission of
NAFLD, compared with only ~17% after the other two diets, and the
HND group also had the highest rate of remission of prediabetes
(Supplementary Fig. 4). Taken together, these results are promising
and suggest that a HND may be an effective dietary approach for

Table 3 | Within-group changes and overall test between groups of primary and secondary outcomes

LCPUFA (M0)a HND (M0)a UC (M0)a EMM (95% CI)b M12-M0
LCPUFA (n = 54)

EMM (95%CI)bM12-M0
HND (n = 51)

EMM (95% CI)b M12-
M0 UC (n = 43)

P-valuec

Liver fat (%) 6.3 (6.9) 6.4 (5.5) 8.7 (10.8) −0.61 (−0.90, −0.33) −0.91 (−1.69, −0.14) 0.85 (−0.07, 1.76) 0.01

Weight (kg) 90.2 ± 13.8 87.9 ± 13.6 91.2 ± 11.5 −2.15 (−3.39, −0.91) −4.61 (−5.85, −3.36) −1.84 (−3.26, −0.42) 0.004

Fasting glucose
(mmol/L)

6.7 (1.9) 6.7 (1.6) 6.7 (1.0) −0.36 (−0.59, −0.13) −0.60 (−0.83, −0.37) −0.22 (−0.48, 0.03) 0.08

HbA1c (mmol/L) 42.0 (12.0) 40.0 (10.0) 40.0 (9.0) 0.36 (−0.64, 1.36) −1.33 (−2.36, −0.29) 0.82 (−0.33, 1.97) 0.01

Total cholesterol
(mmol/L)

4.6 ± 1.2 5.1 ± 1.3 5.0 ± 1.1 −0.30 (−0.49, −0.11) −0.34 (−0.53, −0.15) 0.03 (−0.19, 0.24) 0.02

LDL cholesterol
(mmol/L)

2.8 ± 1.1 3.2 ± 1.1 3.1 ± 1.1 −0.28 (−0.44, −0.12) −0.30 (−0.46, −0.14) −0.01 (−0.19, 0.17) 0.03

HDL cholesterol
(mmol/L)

1.4 ± 0.4 1.4 ± 0.3 1.3 ± 0.3 0.03 (−0.02, 0.08) 0.05 (0.00, 0.10) 0.04 (−0.01, 0.10) 0.84

Triglycerides (mmol/L) 1.3 (0.6) 1.3 (0.8) 1.4 (0.8) −0.16 (−0.34, 0.02) −0.29 (−0.46, −0.12) 0.08 (−0.11, 0.26) 0.02

ApoB (g/L) 0.9 ± 0.3 1.0 ± 0.3 1.0 ± 0.3 −0.07 (−0.12, −0.02) −0.07 (−0.11, −0.02) −0.02 (−0.07, 0.03) 0.24

ApoA1 (g/L) 1.5 ± 0.2 1.5 ± 0.2 1.5 ± 0.2 −0.01 (−0.05, 0.03) −0.02 (−0.06, 0.02) −0.02 (−0.07, 0.02) 0.93

Insulin (mE/L) 14.7 (7.8) 12.9 (8.8) 15.2 (11.2) −1.87 (−3.63, −0.11) −3.24 (−5.02, −1.46) −1.55 (−3.64, 0.54) 0.38

HOMA-IR 4.8 (2.8) 3.9 (3.1) 4.8 (3.6) −0.79 (−1.46, −0.12) −1.42 (−2.09, −0.74) −0.48 (−1.27, 0.31) 0.17

FIB-4 1.4 (0.7) 1.5 (0.5) 1.5 (0.5) 0.24 (0.08, 0.39) 0.11 (−0.04, 0.25) 0.07 (−0.10, 0.23) 0.29

SBP (mmHg) 130.6 ± 14.6 134.3 ± 14.3 135.4 ± 13.5 −2.89 (−6.55, 0.77) −7.27 (−10.87, −3.67) −5.82 (−9.91, −1.73) 0.22

DBP (mmHg) 83.1 ± 9.0 84.8 ± 8.2 85.4 ± 8.3 −3.90 (−5.95, −1.86) −5.33 (−7.39, −3.28) −3.92 (−6.24, −1.60) 0.54

CRP (mg/L) 1.3 (2.4) 1.0 (1.4) 1.6 (2.5) −0.62 (−0.91, −0.33) −0.88 (−0.99, −0.76) −0.40 (−0.74, −0.05) 0.04
aData are presented as mean ± standard deviation (SD) or median (interquartile range (IQR)) for descriptive values at baseline (M0) (n = 142 for liver fat and n = 148 for all other) for each diet.
bEstimatedmarginal means ormedians (EMM) with corresponding 95% confidence intervals (CI) are presented for the change in primary and secondary outcomes within each diet group. EMMs are
conditioned on baseline value of the outcome, presence of type 2 diabetes and gender.
cTwo-sided p-values are calculated from the general linear model (GLM) or corresponding Kruskal–Wallis (KW) test for the overall test of between-group differences.ApoA1 Apolipoprotein A1,ApoB
ApolipoproteinB,CRPC-Reactive Protein,DBPDiastolic Blood Pressure, EMM EstimatedMarginalMeans,FIB-4 Fibrosis-4,HbA1cHemoglobinA1c,HDLHigh-Density Lipoprotein,HNDHealthyNordic
Diet, LCPUFA Low Carbohydrate Polyunsaturated Fatty Acids, LDL Low-Density Lipoprotein, M0 Baseline, M12Month 12, SBP Systolic Blood Pressure, UC Usual Care.
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Fig. 4 | Primary and secondary outcomes. Between-group differences of
A primary and B–G secondary outcomes. Intention-to-treat (ITT) point estimates
(in %, kg,mmol/mol,mmol/L, ormg/L) and corresponding95%confidence intervals
(CI) within parentheses are demonstrated for outcomes that were statistically sig-
nificant in between-group comparisons of the general linear model (GLM)/
Kruskal–Wallis (KW) test (Table 3). Estimates and two-sided p-values are derived

from a GLM or the Willets residual method. CRP C-Reactive Protein, HbA1c
Hemoglobin A1c, HND Healthy Nordic Diet, LCPUFA Low Carbohydrate Poly-
unsaturated Fatty Acids, LDL Low-Density Lipoprotein, M0 Baseline, M12Month 12,
UC Usual Care. Point estimates with grey color refer to the comparison between
HND vs UC; light green LCPUFA vs UC; dark green LCPUFA vs HND. Source data are
provided as a Source Data file. n (LCPUFA) = 54; n (HND) = 51; n (UC) = 43.

Article https://doi.org/10.1038/s41467-025-65613-2

Nature Communications |        (2025) 16:11130 8

www.nature.com/naturecommunications


treating NAFLD and improving its associated metabolic disorders.
Unfortunately, we could not adequately calculate the number of
patients that had remission of T2D, partly due to lack of detailed data
on medication changes during the study.

In contrast to some17,19, but not all18, previous shorter-term trials in
non-diabetic populations, the HND did not reduce blood pressure
more than the other diets. One possibility for the lack of difference
between groups could be that salt restriction was not emphasized as
was done in our previous short-term trial17. Intake of fruits and vege-
tables was also higher in the UC group compared to both LCPUFA and
HND,whichmay also explain why the rather pronounced reductions in
blood pressure did not significantly differ between the groups.

Strengths and limitations
There are several strengths and limitations worthy of discussion. First,
our primary effect of interest was the ITT effect, and currently not to
estimate the effect had everybody in the study adhered to their
assigned diet (i.e., the non-naïve per-protocol effect). Although non-
adherence to the diets would not bias the ITT effect, it would impact
the size of the effect and thus the generalizability of our results34.
However, WFDs combined with plasma biomarkers from our study
indicated good adherence on a group-level, thereby approximating
the non-naive per-protocol effect. The per-protocol effect in our study
should be interpreted as a complete-case analysis. Secondly, our
results may not necessarily be validly extended to other populations
with other distributions of potential effect modifiers (such as T2D
status, NAFLD status and PNPLA3 allele frequencies, as indicated in our
study). Thirdly, data on other potential genetic modifiers closely
associated with NAFLD, such as TM6SF2, HSD17B13, and MBOAT7,
would havebeen valuable to have. Lastly, wedidnot assess histological
changes from liver biopsies, which would have provided a valuable
complement to the liver fat measurement. However, there are several
strengths of this randomized trial that need to be highlighted,
including low drop-out rates despite the long intervention period, the
use of MRI to assess liver fat content, the blinding of the outcome
assessors, good protocol adherence with regards to alcohol con-
sumption (as assessed using both self-reported dietary records and
objective biomarkers) and lastly, good overall adherence to the diets.
Adherence was excellent with regard to the foods participants
received (e.g., 15.2 E% difference in nuts and seeds between LCPUFA
and UC and 4.6 E% difference in whole-grain bread between LCPUFA
and HND). Differences in levels of LA, the major PUFA in the diet and a
biomarker of LA-rich foods, between the LCPUFA group and the other
diets clearly supported high dietary adherence and corroborated the
findings of self-reported data. However, there were no significant dif-
ferences between groups in self-reported intake of rapeseed oil or
fiber, two key food components in a HND. This might highlight the
difficulty in achieving all interventional goals in long-term dietary
RCTs, especially those given as oral or written advice, rather than as
provided foods. Likewise, we did not observe statistically significant
differences in plasma levels of AR between the HND and the other diet
groups, which may be explained by the fact that AR in plasma reflect
intake of whole-grain from barley and rye, and not oats. Lastly, we did
not measure any biomarkers related to the consumption of fruits and
vegetables, which would have been a good complement to the self-
reported data.

In conclusion, compared with UC, a LCPUFA diet and a HND
reduced liver fat and LDL-C to a similar extent, the former outcome
possibly mediated by different mechanisms between diet compar-
isons. Notably, the HND had more favorable effects on HbA1c com-
pared to both the UC and LCPUFA diet, and showed even more
pronounced effects on liver fat and metabolic control in the partici-
pants with T2D. In addition, only the HND induced significant reduc-
tions in triglycerides, inflammation, liver enzymes and body weight
compared with UC at 1 year. Notably, these favorable effects wereTa
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achieved without advising energy-restricted diets, but was advised
merely as ad libitum. This trial provides clinically relevant evidence
suggesting the HND as an effective diet that is well accepted by
patientswithT2Dorprediabetes, and thus couldbeuseful for the long-
termmanagementof themultiple cardiometabolic disordersofNAFLD
and T2D.

Methods
The Ethical Review Board of Sweden approved the study and all par-
ticipants signed a written informed consent prior to inclusion (Dnr:
2019-05111 and 2020-05470).

Metabolic-dysfunction Associated Steatotic Liver Dis-
ease (MASLD)
In June of 2023, a multi-society Delphi consensus statement was
released proposing a change in nomenclature from NAFLD to
Metabolic-dysfunction Associated Steatotic Liver Disease (MASLD)35.
This change in nomenclature with its minor modifications to the dis-
ease criteria occurred late in the analysis phase of this study. To stay
true to the primary name of the trial as well as to further prespecified
subgroup analyses specified below, we chose to keep the initial name
of NAFLD for this manuscript, with the caveat that nearly 100% of all
individuals with NAFLD also meet the criteria for MASLD in Sweden36.
In the current study, the overlap was 100%.

Study design
The NAFLDiet trial was a single-site, three-arm parallel-group designed
study that randomized participants in a 1:1:1 allocation ratio to follow
either a LCPUFA diet, a HND or UC, in line with the Nordic Nutrition
Recommendations (NNR) 2012 (ClinicalTrials.gov Identifier:
NCT04527965). The NAFLDiet trial was conducted in Uppsala, Sweden
between August 2020 and December 2022. The first participant was
enrolled 11th of August 2020 and the last participant 15th of
December 2021.

Participants were predominantly recruited from a local diabetes
register (ANDiU) and a large population-based cohort (EpiHealth),
but also through web-based advertisement. Men and women

(self-reported) were eligible to participate if they met the following
criteria: 30–75 years of age, Body Mass Index (BMI) 25–40 kg/m2, T2D
with a duration ≤10 years with no insulin treatment or prediabetes
(defined as a fasting plasma glucose ≥5.6mmol/L or an HbA1c ≥ 39
mmol/mol in accordance with guidelines from American Diabetes
Association 2019) and no diagnosed cardiovascular disease (CVD) in
the last two years prior to screening. Exclusion criteria included self-
reported alcohol intake >20 g/day, contraindications for magnetic
resonance imaging (MRI) assessment, unwillingness to follow a new
prescribed diet for a year, ≥10%diet-inducedweight loss the preceding
three months of screening, malignant diseases, severe kidney or liver
disease, heart failure or other severe CVD. A total of n = 222 individuals
were scheduled for a physical screening visit, of which n = 150 were
included and randomized (Fig. 1).

Randomization (stratified by sex and T2D status) was performed
by a researcher not involved in the execution of the study (i.e., no
contact with participants and no involvement in primary or secondary
outcome ascertainments), using a computerized random-number
generator. Knowledge of the allocation sequence was restricted to
this researcher. To avoid spill-over effects from the diets, four pairs of
participants who lived together were co-randomized. Personnel
responsible for assessing study outcomes (including dietary adher-
ence) aswell as care providerswere blinded to the assigneddiets of the
participants. Neither the participants nor the study coordinator (M.F.)
were blinded to the assigned diets. Participants did not know of their
assigned diet until they had completed all measurements from the
fasting study baseline visit.

Diets
At baseline, participantswereprovidedwith detailedwritten andorally
presented dietary guidelines tailored to their assigned diet.

LCPUFA
The LCPUFA group was instructed to limit their intake of carbohy-
drates to <30 E%, but maintain whole-grain and fiber-rich carbohy-
drates, and increase their intake of fat to >50 E%, (focusing on
increasing omega-6 PUFA and limiting SFA), while keeping protein at

0.03 (-0.02, 0.07), P=0.21

-0.07 (-0.14, 0.01), P=0.07

-0.10 (-0.17, -0.02), P=0.01

LCPUFA vs HND

LCPUFA vs UC

HND vs UC

-0.1 0.0
µkat/L

ALATA)

0.06 (0.00, 0.11), P=0.046

-0.01 (-0.08, 0.06), P=0.73

-0.07 (-0.14, 0.00), P=0.048

LCPUFA vs HND

LCPUFA vs UC

HND vs UC

-0.15 -0.10 -0.05 0.00 0.05 0.10
µkat/L

ASATB)

Fig. 5 | Exploratory outcomes. Between-group differences of exploratory out-
comes A ALAT and B ASAT. Intention-to-treat (ITT) point estimates (in ukat/L) and
corresponding 95% confidence intervals (CI) within parentheses are demonstrated
for liver enzyme outcomes that were statistically significant in between-group
comparisons of the Kruskal–Wallis (KW) test (Table 4). Estimates and two-sided p-
values are derived from the Willets residual method. ALAT Alanine

Aminotransferase, ASAT Aspartate Aminotransferase, GGT Gamma Glutamyl-
transferase, HND Healthy Nordic Diet, LCPUFA Low Carbohydrate Polyunsaturated
Fatty Acids, UCUsual Care. Point estimates with grey color refer to the comparison
between HND vs UC; light green LCPUFA vs UC; dark green LCPUFA vs HND.
Source data are provided as a Source Data file. n (LCPUFA) = 54; n (HND) = 51;
n (UC) = 43.
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20 E% (focusing on plant-based food sources). To achieve this, ten
food-based dietary recommendations were advised, of which four
were emphasized; consume at least two table spoons (tbsp.) of sun-
flower oil per day, two tbsp. of seeds (primarily pumpkin- and sun-
flower seeds) per day and a handful of nuts (40× g) (primarily walnuts,
pecan nuts and Brazil nuts) per day. Participants were also guided
(through both an information leaflet and a recipe book) on how to
replace carbohydrate sources such as pasta, rice, bread and potatoes
with other food sources such as bean pasta, cauliflower rice, low-
carbohydrate bread rich in seeds and nuts, and root vegetables such as
carrots and parsnips.

HND
The HND group was instructed to limit their intake of fat to 25–30 E%
(focusing on PUFA and MUFA) and increase their intake of carbohy-
drates to 50–55 E% (focusing on increasing whole-grain, fiber-rich
carbohydrates and limiting refined carbohydrate sources), while
keeping protein at 20 E%. To achieve this, ten food-based dietary
recommendations were provided, of which four were emphasized;
participants were told to consume at least two portions of whole-
grains (primarily oats and rye) per day, two slices of whole-grain bread
(with flourmade from rye and/or oats) and to focus on foods grown or
produced in Sweden andother Nordic countries, such as apples, pears,
blueberries, raspberries, cabbage, almonds, salmon, mackerel and
herring. Participants were also guided (through both an information
leaflet and a recipe book) on how to limit fat intake by replacing full-fat
products with low-fat products (e.g., milk, fermentedmilk and cheese)
and considering the amount of salad dressing, cooking oil and bread
spread used. The main fat source that was emphasized in the HND
group was rapeseed oil.

UC
The UC group received information on how to follow the current
dietary guidelines laid out in the NNR 2012 edition. Protein intake was
kept at 20 E%. To partly mask participants from knowing that they had
been randomized to the usual care group, extra emphasis was put on
increasing fruits and vegetables to 600 grams per day instead of the
current recommendation of 500gramsper day. No clear emphasiswas
placed on using local or Nordic foods in this group. A wider variety of
healthy foodswere advised, e.g., in contrast to the HND, olive oil could
be used instead of rapeseed oil or sunflower oil, and all types of fruit
were advised rather than only Nordic types such as apples and pears.
The UC group also received an information leaflet and a recipe book.

To enhance diet adherence, study participants received key food
items on a monthly to bimonthly basis (once every month the first
7 months followed by once every two months the remaining
5 months). For the LCPUFA group, these foods included sunflower oil,
walnuts, cashew nuts, pumpkin seeds and sunflower seeds. For the
HND group, these foods included oats, oat bran, oat rice, whole-grain
muesli, crisp bread, low-fat margarine (based on rapeseed and sun-
flower oil), raspberries, beans, lentils and almonds. For the UC group,
key food items included crisp bread, whole-grain cereals based on
oats, carrots, frozen mango and frozen peas.

All diets emphasized increasing the intake of fruits and vegetables,
replacing whole-fat dairy with low-fat dairy and limiting red and pro-
cessed red meat as well as sugar-sweetened beverages, pastries and
other energy-dense sugar/fat-rich snacks. Diets were provided ad libi-
tum; thus, weight loss was not explicitly targeted. More details of the
diets can be found in Supplementary Table 1. To mitigate introducing
unwanted co-interventions that may influence the size of the effect of
both primary and secondary outcomes, participants were instructed to
make nomajor changes in physical activity, alcohol consumption habits
or dietary supplements use. However, due to ethical reasons, partici-
pants were allowed to make changes to their medications.

Self-reported and biomarker based dietary adherence and
alcohol intake
Dietary adherence was partly assessed using 4 days (3 weekdays and
1 weekend day) weighed food diaries (WFD) at baseline, 6 months and
12 months. Participants were instructed to weigh all their foods and
drinks (excluding water) and report the weights in grams. If weighing
the food and/ordrinkswasnot feasible, participantswere instructed to
report the volume of foods and drinks consumed using household
measures. TheWFD were processed and analyzed in the commercially
available software Dietist Net linked to the Swedish National Food
Agency (SNFA) food database by a nutritionist not involved in the
design or execution of the trial.

Fatty acids in plasma were analyzed and used as objective bio-
markers of fat intake. Specifically, the major dietary PUFA, linoleic acid
(18:2n-6) in plasma phospholipids (PL) was used as a valid biomarker
of PUFA intake from vegetable fats, and omega-3 eicosapentaenoic
acid (EPA) (20:5n-3) and omega-3 docosahexaenoic acid (DHA) (22:6n-3)
in PL were used as biomarkers of omega-3 PUFA from seafood mainly.
Also, palmitoleic acid (16:1n-7) in plasma triacylglycerols (TAG) was used
as a marker of carbohydrate-induced DNL37–39. Plasma lipids were
extracted from fasting blood samples using the Folch method and lipid
fractions were subsequently separated using solid phase extraction
(SPE)40. Fatty acids were methylated and analyzed using gas chromato-
graphy (GC), and given as proportions of the total fatty acids analyzed
(peak area%).

Plasma alkylresorcinols (AR), biomarkers of whole-grain wheat and
rye intake were analyzed by an LC-MS/MS-based method as reported
previously41. The within and between batch CVs were 15%. Total AR and
the ratio between the homologues 17:0 and 21:0 (17:0/21:0) were mea-
sured to assess adherence towhole-grain intake from rye andwheat and
the proportion of rye to wheat in the diet, respectively42.

Given the influence of alcohol on liver fat, triglycerides and gly-
cemic control, alcohol intake was assessed by WFD as well as by
phosphatidylethanol (PEth), a specific and sensitive biomarker of
alcohol intake as measured in plasma at the Uppsala University Hos-
pital clinical chemistry laboratory.

Primary outcome
For quantification of liver fat, a single breath-hold 6-echo 3D water-fat
MRI protocol (IDEAL-IQ) was acquired using a surface coil (UAA). The
vendor implemented water-fat and fat fraction reconstructions were
used. Scan parameters were: TR = 6.27ms, TE = 2.45ms, flip angle
3 deg, nsa 0.73, slice thickness 5mm, FOV 384 × 384mm, 90%
Phase FOV. Axial orientation was used and in-slice voxel dimensions
were 1.5 × 1.5mm and 5mm slice thickness was used. Number of
slices exported from each scan was 28. Liver mean proton density
fat fraction (PDFF) was quantified using an automated segmentation
approach. Reference liver segmentations were first created manually
by delineations in the water signal images from 26 randomly selected
subjects. A UNet++ 2D convolutional neural network was then trained
to perform the segmentations using the water-signal images using
the Dice loss function43. A test set of 8% of the data was set aside. Ten-
fold cross validation resulted in a segmentation accuracy, in terms of
mean Dices scores of 0.981. A mean Dice score of 0.983 was obtained
on the test set. The trained model was then applied to all images.
Post processing was applied using 3D erosion and filtering of
largest connected object in 3D. This to reduce the effect of eventual
segmentation errors. All segmentation masks were visually quality
controlled. Outlier voxel fat fraction values were also excluded outside
±3 SDs from the liver mean fat fraction. The mean liver proton density
fat fraction was uses as the measurement of liver fat content44. Out-
come assessors were blinded to participants’ diet allocations.
For subgroup analyses, NAFLD was defined as a liver fat content
exceeding 5.6%.
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Secondary and exploratory outcomes
Fasting plasma concentrations of glucose, HbA1c, total cholesterol,
LDL-cholesterol, HDL-cholesterol, apoA1, apoB, triglycerides, ASAT,
ALAT, GGT, platelet counts and C-reactive protein (CRP) and fasting
serum concentrations of insulin were measured by routine laboratory
methods at Uppsala University Hospital. FIB-4 was calculated as
ðage x ASATÞ=ðplatelet counts x ALATÞ and HOMA-IR was calculated
as ðinsulin x glucoseÞ=22:5. Systolic (SBP) and diastolic (DBP) blood
pressure were assessed in a sitting position at the research clinic by a
specialized research nurse after five minutes of rest using an auto-
matedbloodpressuredevice (Omron). The values of three consecutive
measurements (allowing for 1min of rest between) were averaged and
reported. Bodyweight and height weremeasured at the research clinic
after an overnight fast. Height was measured using a stadiometer to
the nearest 0.5 cm. Weight was measured in light clothing using
bioelectrical impedance analysis (BIA) (Tanita). BMI was calculated
as weightðkgÞ=heightðmÞ2.

Statistical analysis
Sample size calculation was based on Lehr´s formula for the compar-
ison between groups, assuming equal treatment effects for the two
experimental diets. A sample sizeofn = 37 ineachgroupwasestimated
to detect a 2 (SD: ± 3) percentage unit difference in liver fat between
the experimental groups and the UC group, with significance level (α)
of 0.05 and power (1-β) of 0.80. To achieve the desired power for both
the intention-to-treat and the per-protocol analyses, and allowing a
25%dropout rate,we included 50participants in eachgroup.AsNAFLD
is diagnosed by a liver fat content exceeding 5.6%, a 2% absolute dif-
ferencewasdetermined clinicallymeaningful. A 3% SDwas determined
based on previous trials in healthy individuals or individuals with
overweight or obesity5,6.

An intention-to-treat (ITT) effectwas determined apriori to be the
primary effect of interest. All individuals who were randomized and
were informed of their assigned diet were included in the ITT-
population (Fig. 1). A general linear model (GLM) with diet group as a
fixed factor, the outcome as dependent variable (difference between
month 12 and baseline) and the following baseline variables as cov-
ariates: value of the outcome at baseline, sex (man/woman) and T2D
diagnosis (yes/no) were included. Multivariate imputation using
chained equations (MICE) (n = 20 imputations with predictive mean
matching (PMM) as imputation method) was used to account for
missing outcome and baseline data, assuming the data was missing
at random (MAR). MICE was performed using the mice package in R45.
The amount of missing data ranged from 5% to 7% for all outcomes
except for liver fat that had 14%missing data (Supplementary Table 2).
The imputation model included diet group, BMI, age, sex, T2D
diagnosis, baseline value of the outcome, and the outcome as vari-
ables. Pooling of parameter estimates from each imputed dataset was
performed using Rubin´s rules. When the pooled F-parameter esti-
mate of the GLMwas statistically significant, linearmodels for pairwise
comparisons were performed. This strategy preserves the type 1
error rate at the nominal level for comparisons of three groups46.
Between-group differences were expressed as estimated marginal
means (EMM) with corresponding 95% confidence intervals (CI).
Assumptions of the GLM were checked using residual plots. The
Shapiro–Wilk test for residuals was used to examine whether data was
normally distributed, with a test statistic W>0.95 indicative of a
Gaussian distribution.

When the assumptions of the GLM were not satisfied, data were
analyzed using Willett´s residual method47, which is a non-parametric
test for group differences with adjustment for covariates, and was
performed as follows. A similar GLM as described above was fitted to
the data but with diet group omitted from the model. Residuals from
the GLMwere saved and subsequently used as the dependent variable

in a Kruskal–Wallis test, with diet group included as factor. Estimated
marginal median differences between groups with corresponding 95%
CI and p-values were retrieved via bootstrapping (n = 10,000 boot-
straps, n = 20 imputations usingMICE) with the use of the bootImpute
package in R48 if the Kruskal–Wallis test was statistically significant.

A per-protocol analysis, including all participants who completed
the intervention and who had data on the outcome of interest was
determined to be secondary to the ITT-analysis. Similar statistical
methods were employed for the estimation of the per-protocol effect
except for when the assumptions of the GLMwere not satisfied, where
the Hodges–Lehman estimator was used to retrieve estimated mar-
ginal median differences with corresponding 95% CI.

Prespecified subgroup analyses (by sex, T2D diagnosis, PNPLA3
I148Mgenotype, andNAFLDstatus)were performed for the estimation
of both the ITT-effect and the PP-effect for the following outcomes:
liver fat, HbA1c, LDL-C, total cholesterol, HDL-C, triglycerides, apoB
and apoA1. Similar models were specified as for the full population
with the exception that the stratifying variable was excluded from the
model. Multiple imputation and bootstrapping were performed
separately for each subgroup. Due to missing information on baseline
liver fat content in n = 6 individuals, NAFLD status was first imputed,
followed by stratification. The robustness of our findings was explored
in sensitivity analyses by excluding participants who were co-
randomized as pairs (n = 4 pairs) and by including values of BMI at
month6 andmonth 12 in theMICEmodel. Sensitivity analyseswerenot
prespecified in the statistical analysis plan (SAP) (Supplemen-
tary Note 1).

Lastly, as an additional post-hoc analysis, a causal mediation
analysis (CMA) for our primary outcome was conducted using the
regmedint package in R with weight change from 0 to 12 months
included as the mediator49–51. Proportion mediated (PM) by weight
change was calculated by dividing the natural indirect effect (NIE) by
the total causal effect (TE). A detailed description of the methodology
underlying the CMA can be found in Supplementary Material.

The original SAP can be found at ClinicalTrials.gov (Clinical-
Trials.gov Identifier: NCT04527965). We have modified the statistical
analysis compared to the SAP to allow comparisons between all three
treatment groups as described above. Other minor modifications to
the SAP are described in supplementary material. A p-value < 0.05
(two-sided) was determined to be statistically significant. R (R Core
Team, Vienna, Austria) version 4.2.3 and IBM SPSS Statistics version
28.0.1.0 (142) were used to analyze the data.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All relevant data supporting the findings of this study are available
within the mainmanuscript, the SupplementaryMaterial, or as Source
Data. Because the study includes sensitive patient data, the pseudo-
nymized individual-level data from the NAFLDiet study cannot be
made publicly available. Access may be granted upon request to the
corresponding author, but requires a clear project plan and prior
approval from the Swedish Ethical Review Authority. The data will be
shared exclusively for research purposes. Inquiries will be answered
within approximately one month. The study protocol, statistical ana-
lysis plan (SAP), and CONSORT checklist are available in the Supple-
mentary Material under Supplementary Note 1 and 2. Source data are
provided with this paper.

Code availability
The code for the analyses is available from the corresponding author
upon reasonable request.
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