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Abstract

Background & Aims: Non-alcoholic fatty liver disease (NAFLD) is assted with increased
risk of hepatic, cardiovascular, and metabolic akes. High-protein diets, rich in methionine
and branched chain amino acids (BCAASs), appareatiyce liver fat but may induce insulin
resistance. We investigated the effects of diggh m animal protein vs plant protein, which
differ in levels of methionine and BCAA, in subjeatith type 2 diabetes and NAFLD. We
examined levels of liver fat, lipogenic indices,ries of inflammation, serum levels of
fibroblast growth factor 21 (FGF21), and activatadrsignaling pathways in adipose tissue.

Methods. We performed a prospective study of individuaihwype 2 diabetes and NAFLD at
a tertiary medical center in Germany, from June32btough March 2015. We analyzed data
from 37 subjects placed on a diet high in animatgin (AP, rich in meat and dairy foods;
n=18) or plant protein (PP, mainly legume protemn19) without calorie restriction for 6
weeks. The diets were isocaloric with the same amadrient composition (30% protein, 40%
carbohydrates, and 30% fat). Participants were exadrat the start of the study and after the
6-week diet period for body mass index, body cortjgos hip circumference, resting energy
expenditure, and respiratory quotient. Body fat exichhepatic fat were detected by magnetic
resonance imaging and spectroscopy, respectivelyels of glucose, insulin, liver enzymes,
and inflammation markers as well as individual fi&ty acids and free amino acids were
measured in collected blood samples. Hyperinsulioeuglycemic clamps were performed to
determine whole-body insulin sensitivity. Subcutamngeadipose tissue samples were collected
and analyzed for gene expression patterns and pbogation of signaling proteins.

Results: Post-prandial levels of BCAAs and methionine wagmificantly higher in subjects

on the AP vs the PP diet. The AP and PP diets e=ttited liver fat by 36%—48% within 6
weeks P for AP diet=.0002P for PP diet=.001). These reductions were unrel@etiange in
body weight but correlated with downregulationipblysis and lipogenic indices. Serum level
of FGF21 decreased by 50% in each grdufop( AP diet<.0002P for PP diet<.0002);
decrease in FGF21 correlated with loss of hepatidri gene expression analyses of adipose
tissue, expression of the FGF21 receptor cofadtth®& beta was associated with reduced
expression of genes encoding lipolytic and lipoggmoteins. In subjects on each diet, levels of
hepatic enzymes and markers of inflammation deetkassulin sensitivity increased, and
serum level of keratin 18 decreased.

Conclusions: In a prospective study of patients with type &bdites, we found diets high in
protein (either animal or plant) to significantlduce liver fat, independently of body weight,
and reduce markers of insulin resistance and hepatroinflammation. The diets appear to



mediate these changes via lipolytic and lipogeaithyways in adipose tissue. Negative effects
of BCAA or methionine were not detectable. FGF2Elappears to be a marker of metabolic
improvement. ClincialTrials.gov no: NCT02402985.

KEY WORDS: KLB, FFA, NAFLD, NASH



Introduction

The ectopic accumulation of excessive fat in ther]i non-alcoholic fatty liver disease (NAFLD) is
closely linked to obesity and insulin resistancel amay progress to non-alcoholic steatohepatitis
(NASH) which provides a high risk of progressiorativanced liver diseases. Incidence of NAFLD is
rapidly increasing in industrialized countries améssociated with cardiovascular disease and2ype
diabetes (T2D¥:? Liver fat content is highly depending on nutritirintake and energy metabolism.
Hypercaloric Western style diets with high conteh&nimal protein, carbohydrates, and saturated fat
promote liver fat accumulatiochCarbohydrates are known to induce lipogenesis dbiyaing the
carbohydrate responsive transcription factarbohydrate response eement binding protein
(ChREBP)! Hepatic lipogenesis additionally requires the \ation of mammalian target of
rapamycin complex 1 (mTORC1) to induceterol regulatory element-binding transcription factor 1c
(SREBP1c): ® Branched chain amino acids (BCAA) recruit mTOR aasbemble mTORC1 in
cooperation with insulin and thereby support tiseypertrophy and proliferation, inhibit autophagy
and proteolysis and impair insulin sensitivitthe mTOR substrate p70S6 kinase was shown to
induce insulin resistance in muscle upon activatigninfusion of amino acids in humah&hus,
activation of mMTORC1 by high intake of protein woblle expected to deteriorate metabolic control
and to increase hepatic triglycerides. Howeverhmtein diets have shown variabsd sometimes
even favorable effects on glucose metabolism aadlim sensitivity in people with T2B and it is
unclear which metabolic pathways are involved Remarkably, diets restricted in methionine were
shown to prevent the development of insulin resistaand of the metabolic syndrome in animal
models by activating the protective fibroblast gioviactor 21 (FGF21) pathwa$.'® Moreover,

BCAA were proposed to induce insulin resistance clygging mitochondrial ATP-productidfi.



Therefore, the type of protein may elicit differanetabolic responses depending on the amino acid
composition. Notably, plant proteins contain muckwvér levels of methionine and BCAA than
proteins of animal origin, which was proposed taliate some advantages of vegetarian dfeltsis
therefore hypothesized that high plant-proteinsdestert favorable effects on hepatic fat contendt an
metabolic responses as compared to high intakeiwfah protein rich in BCAA and methionine.

The metabolic hormone FGF21 was shown to be elévateand to predict, fatty liver disease in
humans® !’ Treatment with FGF21, however, ameliorated faitgrl disease by modifying lipogenic
pathways and fat oxidation in animal mod&lsRemarkably, fructose and sugar intake acutely
increased circulating FGF21 in humans and Mibeing partly mediated by ChREBP Another
potent stimulus elevating FGF21 is protein deficigrwhich acts via the stress induced transcription
factor ATF4'? A moderate increase of free fatty acids (FFA) éased FGF21 in humans involving
peroxisome proliferator-activated receptor alpha (PPARy) associated signaling, as wé&llThus,
FGF21 is strongly regulated by macronutrient intakehumans which is closely related to liver fat
content. It is further hypothesized that changeB®F21 might be involved in the effects of protein
enriched diets on liver fat and should be partidylaffective in plant diets with low content of
methionine.

Human interventions studied the effect of high-piotintake on liver fat conteAt® In lean and
healthy individuals, high protein blunted the irase of intrahepatic lipids (IHL) induced by fruats

or high fat die*?*In 11 obese women, IHL decreased by 20% after veupplementation for 4
weeks, only 5 subjects however, exhibited IHL o8% 2 High-protein interventions in patients with
NAFLD are lacking. Moreover, there is no data whketthe origin of dietary protein plays a role in

liver fat accumulation in humans with NAFLD or not.
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Thus, the aim of the present study was to comgaeeeffects of two isocaloric high-protein diets,
containing either animal or plant protein on lifat content in subjects with T2D accompanied by
NAFLD. To additionally explore possible mechaniswis liver fat alteration, lipogenic indices,

inflammation markers, serum levels of FGF21 andvatibn of signaling pathways in adipose tissue

and their association with liver fat reduction wassessed.
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Materialsand Methods

This randomized clinical trial with an open-labphrallel-arm study design was approved by the

Ethics Committee of the University of Potsdam, awmrtdd in accordance with the Declaration of

Helsinki, and registered at www.clinicaltrials.gfNCT02402985). All participants provided written

informed consent before starting the study. Thelysttook place at the Department of Clinical

Nutrition of the German Institute of Human Nutriti®otsdam-Rehbruecke (Nuthetal, Germany) from

June 2013 to March 201All authors had access to the study data and haelwed and approved the

final version of the manuscript.

Participantsand study design

In this 6-week intervention study 44 individualsttwir2D were assigned by group matching for age,

sex, BMI, HbA. and glucose lowering drugs using random numbeemg¢or either to a group

consuming an animal protein (AP) or plant protéaP) rich diet. A total of 37 subjectsafrl8,

ne=19) aged between 49-78 years completed the sBath. diets were isocaloric and had the same

macronutrient composition (30 E% protein, 40 E%ohydrates, 30 E% fat). Macronutrient intake of

individuals prior to enrollment was 17 E% protei#h2 E% carbohydrates, 41 E% fat. The

animal-protein diet (AP) was rich in meat and déagds, the plant-protein diet (PP) consisted nyainl

of legume protein (see Supplementary Material fiaied information). On the clinical investigation

days (CID) at beginning and end of interventiongpdtinsulinemic euglycemic clamps and meal

tolerance tests (MTT) were performed; blood, umel subcutaneous adipose tissue (SAT) samples

were collected (see Supplementary Material).

Individuals had glycated hemoglobin, AHbA,) levels of 5.8-8.8% at recruitment. None of the

patients had impaired renal (glomerular filtratrate < 60 ml/min/1.73 m2), liver, or thyroid furati;
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none had glucocorticoid therapy, stroke or hedechtin the last 6 months, or cancer in the last 2
years; and none had acute or chronic inflammat@sgage, mental disorders and depression, food
intolerance and weight change greater than 3 Kginvihe previous 3 months. Participants were asked
to maintain their physical activity patterns foetturation of the study. At each visit they arrivied
fasted state.

Body composition, magnetic resonance imaging (MRI) and spectr oscopy (*H-MRS)

Body composition was determined by Air Displacemilgthysmography (BOD POD®, COSMED,
ltaly). MRI and*H-MRS were performed on a 1.5 T whole body scafiagnetom Avanto, Siemens
Healthcare, Germany) for quantification of abdorhfaadepots and intrahepatic lipids, respectiffely
(see Supplementary Material for detailed descniptitndirect calorimetry (Vmax® Encore metabolic
cart, CareFusion, Yorba Linda, USA) was performrethi fasting state to estimate the resting energy
expenditure and the respiratory quotient. The satesbxidation was calculated according following
equations: carbohydrate oxidation [g/min] = 4.58 06, — 3.21 X \by; fat oxidation [g/min] = 1.67 X
Vo2 — 1.67 X \koa Protein oxidation was estimated from the urinaga nitrogen excretion from 24-h
urine?’

Biomarkersin serum and plasma

Fasting blood was collected at week 0 and 6 ofinttexvention. Routine markers were measured in
serum using ABX Pentra 400 (Horiba, Japan). Biomiarkn serum samples were measured by ELISA:
Insulin (Mercodia, Sweden), IL-18, MCP-1, adipoirectand FGF21 (R&D Systems, USA),
caspase-cleaved Keratin 18 fragment by M30-Apopims&LISA (Peviva, Sweden); IL-8 and TiNF
using Luminex magnetic bead technology (Luminexderance Human High Sensitivity Cytokine

Magnetic Panel, R&D Systems, USA); IL-6 using sammimmunoassays (MSD, USA). Fasting
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plasma levels of FFA were determined by gas chrognaphy (GC), analysis of free amino acids

(FAA) was performed using LC-MS, and the levels avhino-terminal propeptide of type Il

procollagen (PIIINP) and enhanced liver fibrosisLFE score on ADVIA Centaur CP

immunochemical analyzer according to manufacturiessuctions (Siemens Healthcare Diagnostics,

Germany). Index of whole-body insulin resistanceDWA-IR) was calculated as: fasting insulin

[MU/mI] x fasting glucose in [mMM] / 22.5; index afdipose tissue insulin resistance (AdipolR) as:

fasting insulin [uU/mI] x fasting total FFA [ug/miPetailed description of protein and gene analysis

in adipose tissue is provided in Supplementary kkdte

Statistical analysis

The study enrolled 44 subjects, and 7 of them dedmut. The results are expressed as mean + SEM.

Statistical significance was defined #&s< 0.05. Data where examined for normality by the

Shapiro-Wilk test. Non-normally distributed variablwere transformed with the natural logarithm and

re-assessed for normality. Comparisons betweergtaups were tested by Studerittest (paired and

unpaired) or non-parametric tests (Wilcoxon and M#rhitney-U-Test). Multiple comparisons were

analyzed by one-way or two-way ANOVA. Dependingdata distribution, Pearson’s coefficient or

Spearman’s rank correlation coefficient was useddorelation analysis. All statistical analysesave

performed with SPSS 20.0 (Chicago, USA). The netweas calculated in R (version 3.1.2, The R

Project for Statistical Computing, Vienna, Austrigging RStudio (version 0.98.1091, RStudio Inc.,

Boston, USA).
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Results

Baseline characteristics of the participants

A total of 37 participants concluded the clinicaldy (animal-protein group (AP): 6 females, 12 rale
plant-protein group (PP): 7 females, 12 males).jcub were 65.0 £ 1.4 (AP) and 63.7 £ 1.5 (PP)
years old, moderately obese with BMI of 31.0 £ &) and 29.4 + 1.0 (PP).

Intrahepatic lipids and anthropometry

Content of intrahepatic fat was determined at liaseind after 6 weeks of intervention #:MRS. A
highly significant reduction of IHL in both groupky 48.0% and 35.7% in AP and PP, respectively
was observedq,r=0.0002,P-=0.001) (Figure 1A). Moreover, in 9 subjectasfBB, no=6) IHL levels

fell below 5.56% und thus below the threshold dafiiNAFLD.?® Liver enzymes in serum decreased
during the intervention in both groups, particylaytGT and AST, without significant differences
between groups. Additionally, the AST/ALT ratio waslow 1 in both groups and not influenced by
the diets. Keratin 18 fragment, a marker of negropdotic processes in livétdeclined significantly

in all participants P=0.002), and significantly in the PP but not AP gnaip (Table 1). Levels of
PIIINP and ELF score were within the referenceriats® and no changes were observed in either of
the groups (Table 1). However, there was a trenidnfmovement of the ELF scor®%£0.071) in 5
subjects with a score above 9.8 at baseline whe \likely to display some degree of fibrodis.
Notably, the relative decrease of liver fat coredawith the relative reductions of fasting glucose
(Figure 2A) and fasting insulin (Figure 2B). Despitbonsumption of an isocaloric diet and the attempt
to keep body weight constant by increasing foodkat participants in both groups showed a
moderate but significant reduction of BMI (AP: -&&nt + 0.1 kg; PP: -0.5 + 0.1 kg/fn which was
not significantly different between the groups (€ab). Fat mass decreased and fat-free mass ditecte

by whole-body plethysmography increased in botlugsowith minor differences. Visceral (VAT) and
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non-visceral (NVAT) adipose tissue contents meabine MRI were reduced in both groups being
highly significant in the AP group (VAT: -9.7942<0.001; NVAT: -7.4%,P<0.0001) (Figure 1B).
Furthermore, hip circumference decreased in botumg, as well as the adipose tissue content,
measured at the level of the femoral head @) (Table 1). None of the changes of body fat
correlated with changes of IHL (data not shown).teMarthy, whole-body insulin sensitivity,
expressed as M-value, improved in both groups amcklated significantly with reductions of IHL
(Figure 2C).

Resting energy expenditure (REE) and respiratoptignt did not change during the intervention. As
expected, protein oxidation, calculated from thénany urea nitrogen excretion, increased
significantly in all participants without differeas between groups (Table 1).

FFA and FAA blood levels

In the fasting state FFA in the circulation argyédy derived from SAT lipolysi and provide an index
of insulin sensitivity and processes occurringdipase tissue. To assess changes of lipid metatolis
in adipose tissue upon the high-protein diet aaddssible contribution to the IHL reduction, FFA
levels before and after the intervention were messuA significant decrease of all saturated FFA
(SFA) from C14:0 to C24:0 and of monounsaturatedlsHMUFA) was observed in both groups with
the exception of odd-chain fatty acid levels (TaB)e With regard to polyunsaturated fatty acids
(PUFA), levels of linoleic acid (C18:2n6) did ndtange while arachidonic acid (C20:4n6) decreased
significantly in both groups. Remarkably, the levef y-linolenic acid (C18:3n6) decreased, while
levels ofa-linolenic acid (C18:3n3) increased in both growgth the changes being more pronounced
in the AP group. This was accompanied by a sigaificlecrease of the AdipolR index in both groups

(Table 1).
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Furthermore, the index afe novo lipogenesis (DNlqex = 16:0/18:2n6) decreased significantly in both
groups and a significant decrease of the elongetbéta index (C18:0/C16:0), but no change of the
stearoyl-CoA desaturase-1 (SCD1) index (C16:1n7/@1was observed. Importantly5 desaturase
activity index (C20:4n6/C20:3n6) decreased sigaifity in PP, whileA6 desaturase activity decreased
(C18:3n6/C18:2n6) in AP group (Table 2). Collectjyehese results show a very specific pattern of
changes regarding preserweds FFA which were associated with reduced diabes&s?

As expected, at baseline we observed a significamelation of circulating free fatty acids withLH
Strong correlations were observed for saturated iRElding C14:0, C16:0 and C18:0 as well as for
palmitoleic acid (C16:1n7) with IHL (SupplementaRigure 1A). These correlations remained
significant after intervention (Supplementary FiggiB). The reduction af-linoleic acid (Figure 2E)
and the reduction of the DNLey correlated with the change in IHL (Figure 2F).

To investigate whether alterations of circulatimgirro acids contributed to IHL reduction, fasting
plasma FAA levels before and after intervention evameasured. Analysis showed no significant
changes in the levels of 14 amino acids. Only teudecreased in both groups (Supplementary Figure
2). Interestingly, changes of plasma asparagineladed with the reduction of IHL in the PP group
(r=-0.568,P=0.027).

As amino acids are rapidly taken up by the celistprandial levels of FAA after a test meal with th
typical composition of the AP and PP diets wer® astermined. BCAA (leucine, isoleucine, and
valine) and methionine contents were higher afterAP meal in comparison to the PP meal, while
arginine and asparagine were higher after the P& ime&omparison to the AP meal (Supplementary

Table 1). The PP group showed larger increasesparagine and arginine (Figure 3A-B) while the
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AP meal resulted in much larger increases in math@and BCAA (Figure 3C-F), corresponding
with the amino acid content of the different protgipes.

FGF21

FGF21 correlates with anthropometric indices in homincluding liver fat as we could confirm in
our cohort (Supplementary Table 2), and the inere@as proposed to reflect ER-stress in human
NAFLD.*® FGF21 might therefore play a role in the proteimuced reduction of liver fat.
Unexpectedly, FGF21 levels were reduced by 42.6864n1% in the AP and PP groups, respectively
(Pap<0.0002,Pp<0.0002) (Figure 1C). There was also a positive@ation between the reduction of
FGF21 and IHL in the entire cohort (r=0.363;0.049).

FGF21 stimulates the release of adiponectin andinesjadiponectin to reduce liver fat and improve
insulin sensitivity in micé* Indeed, a modest reduction of circulating adiptinewhich was most
pronounced in the PP group (Table 1) and a coivelavith FGF21 after the intervention was
observed (Supplementary Table 2).

Inflammatory markers

The metabolic syndrome and NAFLD are linked to $infmal inflammation® ® Therefore, changes of
important inflammatory cytokines were assessed,Il:-6, IL-8 and MCP-1 did not change during
the intervention, while the inflammasome processgdkine IL-18 decreased in the AP group, and
TNFa decreased in the PP group (Supplementary Figur@8% indicated a modest reduction of
inflammatory markers with the high-protein diets.

Gene expression and protein modification in adipose tissue

In view of the extensive changes in lipid metaboliand of FGF21 associated with IHL reduction

upon high-protein diet, we further investigatednitslecular mechanisms using available SAT samples
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collected before and after the interventionsi2, np=15). We analyzed diet-induced changes of
signaling pathways in SAT and measured expressiogeoes playing a key role ide novo
lipogenesis, lipid storage, lipolysis and lipid ailge, as well as main enzymes in BCAA metabolism,
ER-stress and FGF21 pathways using real-time PGgurg 4). Overall, the gene expression of
lipolytic and lipogenic enzymes was decreased whiak significant folACC1, involved inde novo
lipogenesis, in the AP group (Figure 4A). Furthereaxpressions of enzymes of lipid storage were
decreased in both groug®GC1A andPPARG in PP,SCD1 in AP). Expression of the lipolytic enzyme
HSL and ADIPOQ were also lower in the PP group (Figure 4A). ERsd related genes remained
unchanged (Figure 4BF.GFR1 expression was significantly reduced in the PRgi&igure 4C).

We further tested the hypothesis that high intadkB@AA from animal-protein rich diet activates the
MTOR pathway in humans. The expression of the raazymes in BCAA-metabolisnBCAT2 and
BCKDH, was unchanged in adipose tissue of either grbigule 4D). In addition, we measured the
MRNA expression and phosphorylation state of enzyinethe Akt-mTOR pathway in SAT. No
differences were observed in gene expression askis in the Akt-mTOR pathwapKT, MTOR,
P706K, 4EBP1) (Figure 5A). Furthermore, the phosphorylationtestaf several key enzymes of this
pathway (assessed in a subgroyp=8, n-=38) did not change, except for a significant deseeaf the
phosphorylation of p70S6K (Thr421/Ser424) in thegh®up (Figure 5B).

Although expression of particular genes was sigaift only in one of dietary groups studied, similar
trends were found in both groups, and there werstatistical differences between groups. We then
used a bioinformatics approach to understand thterdation of pathways involved and calculated
correlation networks. The changes of gene expnesstiowed high correlations @fKlotho (KLB)

with the major lipid metabolic enzymdsASN, ACC1, SCD1, ATGL, H., but alsoPPARG and
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SREBPIc indicating a critical role of the FGF21 pathwayig{ife 4E). RemarkablfMTOR and its
pathway includingP706K, 4EBP1, as well as components of autopha@yG5 and LC3A/B were
highly correlated confirming their central regulgtorole in human metabolic adaptation to

high-protein diet (Figure 4E).
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Discussion

The most important finding of our study is that\yiston of a 6-week high-protein diet that did not
restrict caloric intake, very effectively reducddlLl by 36 - 48% in subjects with T2D and NAFLD.
This strategy was accompanied by an improvememheattbolic and inflammatory parameters and
therefore provides a powerful and safe treatmeptageh. The loss of liver fat was highly related to
changes of lipid metabolism as shown by the deesca$ saturated and other FFA and indices of
lipogenesis. Despite the elevated intake and pastiiel uptake of methionine and BCAA in the AP
group, there was no indication of negative effeétdhese components. The origin of protein — animal
or plant — did not play a major role. Both high4gia diets unexpectedly induced strong reductidns o
FGF21 which was associated with metabolic improvemend the decrease of IHL.

Hepatic fat is regulated by a complex array of inelia phenomena which reflect metabolic balance
in numerous orgarfs® Imbalance between lipid supplge(novo lipogenesis and FFA flux) and lipid
disposal (VLDL secretion and lipid oxidation) leatts increased fat accumulation in liver. In the
post-absorptive state fatty acid uptake by the lis@lirectly related to the concentration of FFthe
circulation® % NAFLD is associated with insulin resistance ofpadie tissue and increased rates of
lipolysis*” *®which increase further depends on the extent esity*® Indeed, the reduction of IHL in
our study was accompanied by the improvement oflevhody insulin sensitivity and adipose tissue
insulin resistance. As expected, at baseline aner dhe intervention we observed significant
correlations of circulating FFA with IHL. Strongsasiations were seen for saturated FFA including
C14:0, C16:0 and C18:0 as well as for palmitoleid 4C16:1n7) confirming previous observatidhs.

The decrease of these FFA therefore was assodidgtiedhe reduction of liver fat. This conclusion is

supported by the correlated reduction of hepaticafed the saturated stearic acid in both groups.
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Importantly, FFA were recently shown to directhdirte hepatic glucose production in addition to
their contribution to liver fat> *?

Plasma FFA and enzyme activity indices reflect tgdstity acid metabolism in SAT since they are
predominantly secreted from SATReductions of fasting FFA point to improved inausiensitivity

in adipose tissue supported by the increased wimdlg-insulin sensitivity in AP and decreadefi
expression in PP group as well as the diminishdégoad tissue insulin resistance index in the entire
cohort. Both, elongase activity index and D were significantly decreased in AP and PP groups,
the latter of which correlated with the IHL decrea¥he data also agree with the reductions of total
fat mass, VAT, NVAT, and IHL. Expression of genevdlved in lipogenesis (defined as both the
process of fatty acid synthesis and triglyceridetlsgsis) were decreased in SBACC1 andSCD1 in

AP group andPGC1A and PPARG in PP group). As we did not use isotope tracers,cannot
distinguish exactly between changes in adiposedissid liver but rather observe an overall decrease
in lipogenesis and lipolysis as reflected by ttauion of FFA.

Recently, long term correlations of FFA anll andA6 desaturase activities with diabetes risk were
published from a 19 year follow up of the Kuopiotismic heart disease study including 2189 fen.
Diabetes risk was inversely related to linoleicdaand directly correlated witprlinolenic acid as well

as with A6 desaturase activity. This mirrors the changesFBA observed in response to the
high-protein diets which showed a correlationydinolenic acid with liver fat, while linoleic acid
remained at a high level ab desaturase decreased. A positive associatigdimblenic acid with
liver fat has been observed in plasma lipidomidists of NAFLD and NASH in agreement with our
data®® This not only confirms the diabetes preventiveetiof loweringy-linolenic acid but also links

it to the reduction of hepatic fat content whicttissely related to diabetes ri&The high level of
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linoleic acid is known to inhibit ChRREBP and wasoei to reduce liver fat in a human stuy.
Recent analyses linked prostanoid metabolites adfhrédonic acid and-6 PUFAs to NAFLD and to

its progression to NASH supporting the positive impact of the high-protdiets which decreased
arachidonic acid. The high-protein diets thus exewportant parts of their activities through the
changes of lipid and adipose tissue metabolism.

Since we essentially exchanged fat versus proteirbéhydrate intake was 40 E% before and during
the study), the lower fat intake might have alsotidbuted to diminishede novo lipogenesis in liver.
However, most studies report a positive associaiocarbohydrate intake with lipogene&isyhile

the role of fat appears to depend on the typetafrid extend of NAFLDG? #

Remarkably, the improvement of IHL was not relaiedhanges in body weight and fat mass, neither
to VAT or NVAT content. We observed no increasewhole-body REE and no change of fat
oxidation rates in the fasting state as calculdredn indirect calorimetry. Expectedly, protein
oxidation was highly induced in all participants.

As the AP diet induced much larger postprandialeases in BCAA and also methionine we expected
a more favorable response to the PP diet than td_é&Rrels of BCAA were not increased in the fasting
state but showed large differences between the gittprandially. Therefore, their degradation must
have been increased which may involve the liveipask tissue, and muscéfeThis may be reflected
by changes of gene expression of the degradingvpgttt but in adipose tissue the expression of
BCAT andBCKDH did not change. Still, the BCAA catabolism in humtcurs mostly in muscle and
liver,*’ suggesting the activation of the BCAA degradinthpay in those tissues.

In contrast to our expectations, we found no ewdefor an activation of the mTOR pathway in

adipose tissue. Activation of mTOR requires leuaiméch was higher in the AP group. Nevertheless,
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phosphorylation of p70S6 kinase decreased significan the AP group suggesting decreased
activation of the mTOR pathway in adipose tissue. ddtivation was observed at gene expression
level. This may also explain the preferential lobadipose since mTOR mediates trophic stimuli. We
did not determine a possible activation of the mT@d&hway in muscle. Gran et al. showed a
postprandial induction of the mTOR pathway in stalenuscle after ingestion of protein rich nféal
which may be expected in our cohort since learudissiass increased. However, the significant
improvement of insulin sensitivity which we obsatvén hyperinsulinemic euglycemic clamps
excludes a clinically relevant activation of theDBB kinase pathway in skeletal mustiEherefore,

the detrimental effects of BCAA or theirketoacid degradation products described in sortimnge

do not apply to a high animal-protein intake in gnesence of an isocaloric diet without restrictidn
energy intaké? This is in line with other studies demonstratingtabolic improvements with
high-protein diet§" *° and strongly argues against an important rolerofetivation of the mTOR
pathway upon increased BCAA intake in humans. GleBICAA are related to insulin resistance but
they do not seem to respond to changes in prattake.

The extensive reduction of FGF21 with the high-pimtdiet was unexpected. The reduction might
reflect an improvement of hepatic ER-stress anddwgd mitochondrial function due to the reduction
of liver fat. Markers of ER-stress such as XBP-H dRE1 were shown to correlate highly with
elevated levels of FGF21.>° Although we had no access to liver biopsy samptesppears likely
that the IHL reduction was accompanied by decrefibepatic ER-stress and thus FGF21 release. We
did not observe changes in the expression of E&&stmarkers in human adipose tissue, which is a
primary target of FGF21 where it acts on FGFR1c B&&R2c in combination witf-Klotho. 3 %2

Resistance to FGF21 has been proposed and rerespassible cause of elevated FGF21 in obesity
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and T2D* However, expression d¢i-Klotho (KLB) was not altered and FGFR1 decreased in our
study, which does not support changes of peripte®#21-sensititvity and is similar to data in mouse
models>*

The reduction of FGF21 was accompanied by an ingam@nt of markers of hepatic metabolism and
of FFA. Changes in lipid metabolic enzyme trandsriwere highly associated with the changes in
FGF21 signaling pathways which implies that FGFXyp some role in the metabolic effects of
high-protein diets or is highly co-regulated. Thexigtase in FGF21 adds a novel aspect to the puzzle
of FGF21. Although application of FGF21 rapidly irapes metabolism in all models of obese nifce,
increased levels of FGF21 are induced by obesityaasociated with increased risks of metabolic and
cardiovascular diseas&s® 3 ** The reduction of IHL might therefore reduce FGR&hich is
supported by the correlation of FGF21 with IHL dnydthe highly correlated gene expression network
in adipose tissue. FGF21 thus appears to regipadebiosynthetic pathways closely linked to thedo

of IHL induced by the high-protein intake. Sincereased levels of FGF21 were invariably linked to
unfavorable outcomes the decrease may be intetpestea positive signal reflecting the metabolic
improvement.

Nevertheless it is difficult to envision how a degse of FGF21 should be instrumental in mediating
the improvements of metabolism. The increased pratéake therefore is likely to involve other gene
regulatory pathways, such as the NO-arginine cydleeh has a major impact on glucose and lipid
metabolisnt® >

Notably, FGF21 was associated to higher carbohgdmat! lower fat and protein consumptfor and
thus might act as a nutrient sensor to regulateranatrient intake. It was shown that exogenous as

well as fructose induced FGF21 suppresses sweisrenee in a negative feedback 168p’ On the
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other hand, protein/amino acids restriction stiredaFGF21% 2 but decreased with high protein
intake as shown in this study. Collectively is abble assumed that FGF21 is tightly coupled with
macronutrient intake and choice.

Longitudinal observations showed a strong assaociati keratin 18 decrease with improvement in
liver histology in children and adults with NAFL1.The diminished keratin 18 levels indicated a
beneficial role of high-protein diets on hepaticménflammation. The absence of changes in the ELF
score may reflect a low degree of fibrosis in calnart. Despite the extensive reduction of IHL, leve
of aminotransferases showed only minor reductigh— 15% which may be explained by the low
baseline levels and low AST/ALT ratio. Blood levelsy-GT declined in both groups with 24-30%
suggesting a reduced oxidative challenge.

In conclusion, we demonstrated the effective rddoncof IHL in patients with T2D and NAFLD
consuming isocaloric high-protein diets. Unexpelgtelnoth AP and PP groups showed this beneficial
effect associated with decrease of hepatic markasting FFA and FGF21 as well as increase of
insulin sensitivity. Moreover, molecular analysié tbe signaling pathways in SAT revealed no
activation of mTOR pathway upon the AP or PP dMevertheless, larger and longer dietary
intervention studies are needed to show the diiabil the responses and eventual adverse effécts o
the diets. Moreover, the beneficial responses neagde related since our cohort was over 60 years
old and age related effects may play a particalr in protein intake.

Figure Legends

Figure 1. High-protein diet reduced IHL, VAT, SAT, and serum FGF21 in T2DM. Boxplots and

individual changes in intrahepatic lipid conteff) and serum FGF2XC) after 6 weeks of
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intervention;B: changes in adipose tissue depots after 6 weakeafvention. 15n,r<18, 1&np<19,
results are shown as mean+SEM (BJ<*05, **P<.01, ***P<.001. NS, not significant.

Figure 2. Relative reduction of IHL correlates with relative changes in metabolic parameters.
Correlation between the relative change in IHL frammek 0 to week 6 with the relative change in
fasting plasma glucos@), fasting serum insuliiB), whole-body insulin sensitivity (M-valugXC),
fasting plasma stearic acid C1§M), fasting plasma-linoleic acid C18:3nQE), and lipogenic index
C16:0/C18:2nQF). nyp=15, rps=17.

Figure 3. Differencesin postprandial FAA levels after AP and PP meals. Plasma levels of arginine
(A), asparagin€B), methioning(C), valine(D), leucine(E), and isoleucingF) over 240 minutes after
test meal ingestion and corresponding iIAUCs. APkweeblack line, black bar; AP week 6: grey line,
grey bar; PP week 0: dotted black line, dashedktiac; PP week 6: dotted grey line, dashed grey bar
nap=18, =19, results are shown as meantSEM. *significafiedince between AP and PP at week
0, *significant difference between AP and PP at weeiP8.05, **P<.01, ***P<.001.

Figure 4. High-protein diet regulates gene expression in subcutaneous adipose tissue. Changes in
relative mRNA expression of genes involved in fatabolism(A), ER-stresqB), FGF21 pathway
(C), and BCAA degradatiofD) after 6 weeks of intervention. Results are shosmaantSEME:
correlation network of changes in gene expressitie. color of the edges represents the quantity of
the correlation coefficients (blue: 0.75#0.5; black: 0.52>0.3). All correlation coefficients were
positive and highly significant.sp=12, ns=15. *P<.05, **P<.01, ***P<.001.

Figure5. High-protein diet does not induce activation of the mTOR pathway in SAT. A: changes

in relative the mRNA expression of genes involvednTOR pathway after 6 weeks of intervention,
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nap=12, np=15. B: phosphorylation state of key enzymes of-WKtOR pathway at baseline and week

6, Mmp=8, N=8. Results are shown as meantSERK .05, *P<.01, ***P<.001.
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Table 1. Changesin anthropometric measurements, routine blood parameter s and substrate oxidation.

Parameter Animal protein (AP), n = 18 Plant pro(@R), n = 19 AP versus PP
week 0 week 6 Pap week 0 week 6 Ppp Papyspp
BMI [kg/m?| 31.0+0.8 30.2+0.7 0.001 29.4+1.0 28.9+1.0 00Q. NS
Waist [cm] 104.2+2.6 102.2+2.0 NS 100.7+£3.0 9.49+29 NS NS
Hip [cm] 107.8+1.8 106.3+£1.6 NS 105.3+£2.0 319  0.034 NS
WHR 0.967 £0.018 0.962 + 0.015 NS 0.957 +0.024 968+ 0.025 NS NS
Fat mass [%)] 35.26 +2.19 33.36 £1.94 0.0p3 34.930 33.55+2.20 NS NS
Fat-free mass [%)] 64.74 +2.19 66.64 + 1.94 0.023 5.06+ 2.30 66.45 + 2.20 NS NS
AT temur [M] 394.25+17.51 372.15+19.66 0.016 372.7%+18 348.05+17.56 NS NS
AST [U/1] 26.64 +1.85 22.36 £ 1.44 NS 23.88+2.13 20.37£1.23  0.02( NS
ALT [U/1] 30.44 + 2.47 27.09 £1.93 NS 29.59+£2.97 26.52+2.01 NS NS
AST/ALT ratio 0.88 + 0.06 0.84 +0.05 NS 0.80+9€.0 0.80%+0.04 NS NS
y-GT [U/1] 44.31 +6.82 31.51+4.23 0.01y 41.76.2% 31.94 +3.61 NS NS
Keratin 18 [U/I] 184.9 £ 28.9 159.7 £ 20.8 NS 19%.26.2 151.2+13.9 0.02 NS
ELF score 9.19+0.15 9.01+0.16 NY 9.02+0.17 1120.15 NS NS
PIINP [ng/ml] 7.73+0.53 7.05+0.26 NS 8.07 49. 7.98+0.41 NS NS
Adiponectin [ng/ml] 4063.6 +836.1 3661.4+727.0 SN| 4239.1+395.6 3653.5+317.1 0.003 NS
AdipolR 11.99 +2.32 8.61 +1.34 0.01p 10.24£1.71 9.87+2.20  0.02¢ NS
Substrate oxidation
Resting energy expenditure [kcal/day]1682.1 +68.8  1628.3 £67.2 NS 1604.6 +61.5 15%478.6 NS NS
Respiratory quotient 0.86 £ 0.02 0.84 £0.02 NS 0.84 £0.02 0.85+0.02 NS NS
Carbohydrate oxidation [g/min] 0.158 +0.017 0.144 £ 0.023 NS 0.139+0.017 048314 NS NS
Fat oxidation [g/min] 0.060 +0.008 0.064 £0.008 SN| 0.066+0.007 0.067+0.008 N$ NS
24-h urinary nitrogen [g/day] 11.477 £0.876 17.240.403 <0.00Y 11.245+1.012 16.027 £1.337 0.0p5 NS
Protein oxidation [g/min] 0.050 + 0.004 0.075+@0 <0.001| 0.049+0.004 0.070+0.006 0.005 NS




Values are shown as mean+SEM. AdipolR (adiposadigssulin resistance) = fasting insulin [uU/mifasting total FFA [pg/ml]. NS, not significarfe¥.05).



Table 2. Changesin plasma free fatty acids and enzyme activity indicesin the fasting state.

Free fatty acid Animal Protein Diet (AP), n = 18 Plant Protein Diet (PP), n =19 AP versus PP
[ng/ml] week 0 week 6 Pap week 0 week 6 Ppp Papyspp
Myristic acid C14:0 27.04 +1.56 2446 +1.69 0.04327.28+1.95 23.47+187 0.013 NS
Pentadecylic acid C15:0 4.51 +0.26 4.57 +0.25 NS 4.25 £ 0.26 4.05+0.24 NS NS
Palmitic acid C16:0 216.84 £13.33 189.32 +13.3p005( 217.56 + 14.00 183.58 +11.51 0.0p7 NS
Palmitoleic acid C16:1n7 45.92 + 3.56 41.12 + 3.800.005| 47.35+3.98 40.38 +3.57 0.030 NS
Margaric acid C17:.0 4.01+£0.21 3.90+£0.21 NS 71818 3.68 +0.23 NS NS
Stearic acid C18:0 45.77 + 2.10 36.63+2.13 0.p0@4.82 +2.09 35.61+1.85 0.090 NS
Oleic acid C18:1n9 297.08 £15.99 263.83 + 14.3201P) 302.99 +18.94 249.24+15.48 0.0p2 NS
Vaccenic acid C18:1n7 30.48 +1.73 28.11+1.52 180 30.35+2.02 26.27+158 0.035 NS
Linoleic acid C18:2n6 27769 +£11.41 270.79 £ 8.69NS 282.38+£8.61 278.31+10.98 N§ NS
y-Linolenic acid C18:3n6 13.60 £ 0.77 11.92 +0.74 .003| 14.13+0.81 13.00 £1.03 NS NS
a-Linolenic acid C18:3n3 16.42 £ 0.84 22.28+1.40 .00 17.40+0.90 19.03+1.71 NS 0.024
Dihomo+-linolenic acid C20:3n6 12.68 £ 0.58 11.75+0.64 SN 12.51+0.75 12.24 £ 0.72 N$ NS
Arachidonic acid C20:4n6 63.54 +2.76 57.70 + 3.000.006| 65.09 +4.08 51.19+3.55 0.091 NS
Eicosapentaenoic acid C20:5n3 19.82 +1.27 19136 NS 20.22+1.70 16.45+1.18 0.019 NS
Lignoceric acid C24:0 2.64+0.24 2.39+0.19 0.0462.82 + 0.20 2.55+0.17 0.036 NS
Nervonic acid C24:1n9 2.61 +0.15 2.62+0.14 NS 6020.14 2.53+0.10 NS NS
Docosapentaenoic acid n6 C22:5n6 16.35+1.28 H®@84 0.0000 17.97+1.44 11.63+0.75 0.000 NS
Docosapentaenoic acid n3 C22:5n3 9.08 £0.27 833a 0.023 8.99 +0.27 8.05+0.38 0.019 NS
Docosahexaenoic acid C22:6n3 22.56 £ 0.60 20.8921 NS 2166 +1.74 17.06 £0.99 0.0p3 NS
Enzyme activity index

SCD1 activity index C16:1/C16:0 0.21+0.01 0£0.01 NS 0.22+0.01 0.22 +0.00 N$ NS
Elongase activity index C18:0/C16:0 0.22+0.01 .200:0.01 0.014 0.21+0.01 0.20 £ 0.00 0.0237 NS
Lipogenic index C16:0/C18:2n6 0.78 +0.04 0.70.64 0.003] 0.77 £0.05 0.67+0.04 0.046 NS




A5 desaturase activity index C20:4n6 / C20:3n6 5027 5.05+0.27 NS 5.43 +0.36 4.93+£0.42 0.037 NS
A6 desaturase activity index C18:3n6/C18:2n6 088M04  0.045+0.003 0.0450.050 £ 0.002 0.047 £0.004 N NS

Values are shown as mean+SEM. NS, not signifidantQb).
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Figure 1. High-protein diet reduced IHL, VAT, SAT, and serum FGF21 in T2DM. Boxplots and
individual changes in intrahepatic lipid content (A) and serum FGF21 (C) after 6 weeks of
intervention; B: changes in adipose tissue depots after 6 week of intervention. 15<n,p<18,
17<npp<l9, results are shown as meantSEM (B). *P<.05, **P<.01, ***P<.001. NS, not significant.
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Figure 2. Relative reduction of IHL correlates with relative changes in metabolic parameters.
Correlation between the relative change in IHL from week 0 to week 6 with the relative change in fasting
plasma glucose (A), fasting serum insulin (B), whole-body insulin sensitivity (M-value) (C), fasting plasma
stearic acid C18:0 (D), fasting plasma y-linoleic acid C18:3n6 (E), and lipogenic index C16:0/C18:2n6 (F).
Nap=15, npp=17.
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Figure 3. Differences in postprandial FAA levels after AP and PP meals. Plasma levels of arginine (A),
asparagine (B), methionine (C), valine (D), leucine (E), and isoleucine (F) over 240 minutes after test meal
ingestion and corresponding iIAUCs. AP week 0O: black line, black bar; AP week 6: grey line, grey bar; PP
week O: dotted black line, dashed black bar; PP week 6: dotted grey line, dashed grey bar. npp=18, npp=19,
results are shown as mean+SEM. *significant difference between AP and PP at week 0, *significant difference
between AP and PP at week 6. *P<.05, **P<.01, ***P<.001.
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Figure 4. High-protein diet regulates gene expression in subcutaneous adipose tissue. Changes in
relative mRNA expression of genes involved in fat metabolism (A), ER-stress (B), FGF21 pathway (C),
and BCAA degradation (D) after 6 weeks of intervention. Results are shown as meantSEM. E:
correlation network of changes in gene expression. The color of the edges represents the quantity of the
correlation coefficients (blue: 0.75>120.5; black: 0.5>720.3). All correlation coefficients were positive and

highly significant. nap=12, npp=15. *P<.05, **P<.01, ***P<.001.
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Figure 5. High-protein diet does not induce activation of the mTOR pathway in SAT. A: changes
in relative the mRNA expression of genes involved in mTOR pathway after 6 weeks of intervention,
nap=12, npp=15. B: phosphorylation state of key enzymes of Akt-mTOR pathway at baseline and week
6, Nap=8, Npp=8. Results are shown as mean+SEM. *P<.05, **P<.01, **P<.001.




