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Abstract

Ethnopharmacological relevance: Melissa officinalis L. (Labiatae; lemon balm) has traditionally been
used as a medicinal herb to treat stress, anxdaty,insomnia. Current reports suggest that not only
chronic stress stimulates angiogenesis, but angesyg also regulates adipogenesis and obesity.
Because the herbal extract ALS-L1023 fromMelissa officinalis inhibits angiogenesis, we
hypothesized that ALS-L1023 could suppress visagbakity and insulin resistance in obese female

C57BL/6J mice, a mouse model of obese premenopawsakn.

Materials and methods. The mice were grouped and fed for 16 weeks devist 1) low-fat diet
(LFD), 2) high-fat diet (HFD), or 3) HFD supplemedtwith 0.4 or 0.8% ALS-L1023. Variables and
determinants of visceral obesity, insulin resiséaraand pancreatic dysfunction were then assesaed vi

blood analysis, histology, immunohistochemistryl asal-time polymerase chain reaction.

Results: ALS-L1023 decreased weight gain, visceral adippsyte, and serum lipid levels in HFD-
fed obese mice. ALS-L1023 also normalized hypemiyi@a and hyperinsulinemia and concomitantly
reduced blood glucose levels during oral glucoterdace tests. The pancreatic islet size and imsuli
positive -cell area were significantly reduced in ALS-L1028ated mice compared with untreated
obese controls, reaching a level similar to thatLeD-fed lean mice. ALS-L1023 suppressed
pancreatic lipid accumulation, infiltration of iafhmatory cells, and collagen levels. ALS-L1023

treatment altered the pancreatic expression ofgjienwelved in steatosis, inflammation, and fibrosis
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Conclusions: Our findings indicate that the herbal extract ALB)23 from Melissa officinalis not

only inhibits visceral obesity, but also attenudtesincreased fasting blood glucose, impairedagac

tolerance, and pancreatic dysfunction seen in fernhkese mice. These results suggest that ALS-

L1023 may be effective in the prevention of visteo@esity and insulin resistance in obese

premenopausal women.

Keywords: female obesity, glucose tolerance, imsuésistanceMelissa officinalis, lemon balm,

pancreatic dysfunction

Abbreviations. a-SMA, a-smooth muscle actin; AMPK, AMP-activated proteimdse; C/EBR,

CCAAT/enhancer-binding-proteiru; CPT-1, carnitine palmitoyltransferase |; FAS, tyatacid

synthase; HFD, high-fat diet; H&E, hematoxylin amwsin; HOMA-IR, homeostasis model

assessment-estimated insulin resistance; LFD, &wediet; MCAD, medium-chain acyl-CoA

dehydrogenase; MCP-1, monocyte chemoattractaneiprdt; PCR, polymerase chain reaction;

QUICKI, quantitative insulin sensitivity check indeSD, standard deviation; SCD1, stearoyl-CoA

desaturase 1; SREBP-1c, sterol regulatory elemadtiry protein 1c; T2D, type 2 diabetes; TREF

transforming growth factopl; TNFu, tumor necrosis factar
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1. Introduction

Insulin resistance is a premonitory condition th&tconsidered the strongest marker of
subsequent type 2 diabetes (T2D) (Sung et al.,)20N@moglycemia is maintained under insulin-
resistant conditions by a process knownpall compensation, in which pancreatic islets etecr
more insulin (Ahrén and Pacini, 2002; Kahn, 200&nkki and Nolan, 2006). Over time, however,
this compensatory response fails, leading to arpssive decline irg-cell function, diminishing
tolerance to glucose, and ultimately T2D. Insubsistance is also associated with pancrgatell
expansion in a mouse model of obesity (Ahrén et28110), suggesting th@it cells and pancreatic

islets are key in the development of insulin resise and T2D.

C57BL/6J mice fed a high-fat diet (HFD) develop sibe insulin resistance, and dyslipidemia
(Reuter, 2007; Jeong and Yoon, 2009; Fraulob g2@l0). An adaptive increase in insulin secretion
during insulin resistance has been reported intbdel of HFD-fed female C57BL/6J mice (Winzell
and Ahrén, 2004; Ahrén et al., 2010). Marked glecosolerance and early T2D are also observed in
these female mice. In addition, insulin resistaaceompanying HFD feeding in mice is followed by

progressives-cell expansion, including both increagedell volume and total number pfcells.

Males and females differ in their regulation of pageight and fat (Shi and Clegg, 2009). Men
and postmenopausal women accumulate more viscatathfin do premenopausal women, and

therefore have a greater risk of metabolic compiboa related to obesity (Geer and Shen, 2009).
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Although the incidence of metabolic risks is relaly low in premenopausal women compared with
men and postmenopausal women, abdominal obegjtseimenopausal women also increases the risk

of metabolic disorders such as insulin resistahgperglycemia, and dyslipidemia (Ross et al., 2002)

Melissa officinalis L. (Labiatae), commonly known as lemon balm, hesnbused as a medicinal
plant for more than 2000 years ((Vogl et al., 208Bakeri et al., 2016). The leaves M#issa
officinalis are known to exhibit many pharmacological effeatsstress, anxiety, insomnia, learning
and memory (Blumenthal et al., 2000; Kennedy et28l02; Scholey et al., 2014; Shakeri et al., 2016)
Current results suggest that not only chronic stiesreases angiogenesis (Thaker et al., 2006), but
angiogenesis also promotes adipogenesis and olfBsipnick et al., 2002; Cao, 2007). We prepared
ALS-L1023 by a two-step organic solvent fractionatiromMelissa leaves and tested the extract in
cell culture for inhibition of angiogenesis (kim &t, 2006). Our previous studies demonstrate that
ALS-L1023 decreases blood vessel density in adifiesees and inhibits obesity in obese mice (Park
et al., 2015; Woo et al., 2016; Kim et al., 2012817b). Based on the suggestion in traditional
medicine thatMelissa officinalis ameliorates stress and anxiety as well as thendected role of
Melissa officinalis in the regulation of angiogenesis and obesitytiveeefore evaluated the effects of
ALS-L1023 on visceral obesity and insulin resistirt HFD-fed obese female C57BL/6J mice, a
mouse model of obese premenopausal women. Outgésdicate that the herbal extract ALS-L1023
from Melissa officinalis regulates visceral obesity and igfetell mass and also attenuates impaired

glucose metabolism in this mouse model.
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2. Materials and methods

2.1. Preparation of ALS-L1023

ALS-L1023 was manufactured by activity-guided fractition fromMelissa officinalis L. leaves
that were purchased from Alfred Galke GmbH, (H&ermany). Briefly, the drietlelissa leaves
were extracted with aqueous ethanol and the extrastfiltered and concentrated. The concentrated
ethanol extract was further fractionated with ethgktate, concentrated and dried to obtain ALS-
L1023 in a dried powder form. ALS-L1023 was staddsed with two reference compounds of

rosmarinic acid and caffeic acid by high-performahguid chromatography (Woo et al., 2016).

2.2. Animal studies

Eight-week-old female wild-type C57BL/6J mice (n8/group) were housed and bred at the
Mokwon University under pathogen-free conditionshwa standard 12-h light/dark cycle. Prior to
the administration of special diets, mice were $emhdard rodent chow and watet libitum. Mice
were randomly assigned to one of four treatmeniggoEach group of mice was fed one of four diets
for 16 weeks: a low fat diet [LFD; 10% kcal fat@% kcal unsaturated and 4.4% kcal saturated fat),
70% kcal carbohydrate, 20% kcal protein, Resear@isDNew Brunswick, NJ, USA], an HFD
[HFD-Con, 45% kcal fat (5.6% kcal unsaturated a@d% kcal saturated fat), 35% kcal carbohydrate,
20% kcal protein, Research Diets], or an HFD supplgted with 0.4% or 0.8% (w/w) ALS-L1023

[HFD-ALS (0.4%) or HFD-ALS (0.8%), respectively]obr grams or 8 g ALS-L1023 powder was
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mixed with 1 kg of the HFD. The body weight of eatimal was measured three times a week by a
person blinded to the treatments. Food intake vederohined by measuring the amounts of food
consumed by the mice throughout the treatment geBdood was collected from the retro-orbital

sinus into tubes, and the plasma was separatedtaratl at -80C until analysis. Tissues were also

harvested and were weighed, snap-frozen in liqitidwgen, and stored at -80. Additional tissue

sections were prepared for histological studied. aklimal experiments were approved by the

Institutional Animal Care and Use Committees of Mok University (permit number: NVRGS

AEC-9), and followed National Research Council @liites.

2.3. Blood analysis

Plasma levels of triglycerides and free fatty acigkye measured using an automatic blood
chemical analyzer (CIBA Corning, Oberlin, OH)evels of blood glucose and HbAlc were measured
using the Accu-Chek Performa System (Roche, BaSelitzerland) and NycoCard Reader I
(Alere/Axis-Shield, Oslo, Norway), respectively. aDiglucose (2 g/kg body weight) tolerance tests
were performed to determine blood glucose levelsedtcted time intervals. Quantitative insulin
sensitivity check index (QUICKI) values were calteld as: 1/(log [fasting insulipU/ml] + log
[fasting glucose mg/dl]). Homeostasis model assessm@stimated insulin resistance (HOMA-IR)

was calculated via an online Oxford HOMA calculatavailable at:_www.dtu.ox.ac.uk) using the

formula: (fasting insulimU/ml x fasting glucose mg/dl)/405.
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2.4. Histological analyses

Tissue specimens were fixed in 10% phosphate-tadféormalin for 1 day and processed in a
routine manner to obtain paraffin sections. To df\arthe sizes of visceral adipocytes, the
hematoxylin and eosin (H&E) -stained sectionguf® thick) were analyzed using an Image-Pro Plus
analysis system (Media Cybernetics, Bethesda, MIBAJJ To analyze pancreatic steatosis,
inflammation and fibrosis, pancreas sectionsuth were cut and stained with H&E, toluidine blue
and Masson’s trichrome, respectively. Insulin-seéogep-cells were detected using a monoclonal
mouse anti-insulin antibody (12018; Sigma-Aldri&t,Louis, MO, USA). Sections of pancreas tissue
(3 um thick) were irradiated in a microwave oven foit@pe retrieval. The sections were then
incubated with the primary insulin antibody (1:104@ilution) and an anti-mouse IgG biotinylated
secondary antibody (Vector Laboratories, Burlingai@éd, USA) using diaminobenzidine (Vector
Laboratories) as the chromogen. Immunostaipiegll areas were analyzed using ImageJ software
and relative insulin-positive areas were expressepercentages of the total surveyed pancreatic are

occupied by cells.

2.5. Quantitative real-time polymerase chain reaction (PCR)

Total cellular RNA from pancreas tissues was pregharsing Trizol reagent (Gibco-BRL, Grand
Island, NY, USA). Total cellular RNA (gg) was reverse transcribed to generate an antisiNa
template. The genes of interest were amplified frim@ synthesized cDNA usingccuPower®
GreenStd!" gPCR PreMix (Bioneer, Deajeon, Korea) on an Exan196 Real Time Quantitative

Thermal Block machine (Bioneer). The PCR primemsduor gene expression analysis are shown in
8



Supplementary Table 1. The relative expressionldewere calculated as the ratio of target gene

cDNA to -actin cDNA.

2.6. Satistical analysis

Values are expressed as mean * standard devi&ion Statistical analysis was performed using

analysis of variance followed by Turkey's post-Hests. Statistical significance was defined gs a

value <0.05.
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3. Results

3.1. ALSL1023 regulates visceral obesity and adipocyte hypertrophy in obese female mice

To determine whether ALS-L1023 regulates viscebasity in HFD-fed obese female C57BL/6J

mice, we measured body weight, visceral adipose¢isnass, and adipocyte size. Mice fed the HFD

supplemented with 0.4% and 0.8% ALS-L1023 had loedy weights and body weight gains

compared with HFD-Con mice fed the HFD alone aftérweeks of treatment (Fig. 1A and B).

Treatment with 0.8% ALS-L1023 also significantlycdeased total and visceral fat mass in the HFD-

fed mice (Fig. 1C and D). The average size of ikeeval adipocytes was also reduced by both 0.4%

and 0.8% ALS-L1023 (Fig. 1E and F). However, th&es not a significant difference in food intake

between the HFD-Con and HFD-ALS mice (data not stjow

3.2. ALSL1023 alleviates impaired glucose metabolismin obese female mice

Consistent with the observed weight loss, 0.8% AllS23 treatment decreased plasma

triglycerides and free fatty acids in obese HFD-@dne compared to HFD-Con mice (Fig. 2A and

B). Hypoglycemic effects of 0.8% ALS-L1023 were deratrated by a 31% reduction in fasting

glucose levels (Fig. 2C) and a 67% reduction inutating insulin levels compared to obese controls

(Fig. 2D).

Insulin sensitivity, indicated by the well-known QTKI assessment, was increased in the 0.8%

ALS-L1023-treated mice compared with the obese HFD-mice (Fig. 3A). Treatment with 0.8%

10
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ALS-L1023 resulted in lower HOMA-IR scores in thbese mice (Fig. 3B). Similarly, ALS-L1023

treatment resulted in significantly reduced blotutgse levels in a glucose tolerance test in theseb

mice (Fig. 3C and D).

3.3. ALSL1023 normalizesislet p-cell area in obese female mice

Examination of H&E-stained pancreas sections rextphncreatic islet hypertrophy in the obese

HFD-Con mice (Fig. 4A). However, ALS-L1023 treatrheesulted in decreased islet size compared

to the HFD-Con mice; this smaller size was simitathe size found in the LFD mice. HFD intake

also caused an increasepheell mass, as indicated by the insulin-posifiveell area (Fig. 4B and C).

Consistent with the decreased insulin secretiampibell area in the 0.8% ALS-L1023-treated mice

was reduced to a level similar to that of micetfesl LFD.

3.4. ALSL.1023 regul ates pancreatic steatosis, inflammation, and fibrosisin obese female mice

Pancreatic steatosis was increased in HFD-Con auogared with LFD mice, as indicated by

an increase in lipid droplets (Fig. 5A). Howevel,AL0123 treatment decreased the triglyceride

contents in the HFD-fed mice. The infiltration ofsh cells into the pancreas, measured by staining

sections with toluidine blue, was increased in ltteD-fed mice (Fig. 5B). However, ALS-L1023

decreased the numbers of mast cells. Masson'sdrigh staining of pancreas sections showed that

collagen levels were increased in HFD-fed micedmareased by ALS-L1023 treatment (Fig. 5C).

3.5. ALSL1023 modul ates pancreatic expression of genes involved in lipid metabolism, inflammation,
11
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and fibrosis in obese female mice

To evaluate whether the inhibitory effects of AL$E23 on pancreatic steatosis in obese mice

were associated with alterations of the expressfogenes involved in fatty acifi-oxidation, we

measured the mRNA levels of carnitine palmitoylsferase 1 (CPT-1), medium-chain acyl-

coenzyme A dehydrogenase (MCAD), AMP-activated ggrokinasenl (AMPK al), and AMPKoa2.

The expression of these genes was higher in the lAl0R3-treated mice than in the untreated HFD-

Con mice (Figure 6A). We also analyzed the effeft&\LS-L0123 onthe mRNA levels of genes

involved in lipogenesis, such as fatty acid syrn¢h@BSAS), stearoyl-CoA desaturase 1 (SCD1),

CCAAT/enhancer-binding-protein, and sterol regulatory element-binding protein(3&EBP-1c).

The FAS, SCD1, and SREBP-1c mRNA levels were redlirt¢he treated mice compared with those

in the untreated obese mice (Fig. 6B). Pancreafiammmation is increased by the expression of

inflammatory genes in hepatocytes including tumecraosis factora, CD68, and monocyte

chemoattractant protein 1 (MCP-1). ALS-L0123 deseebthe mRNA levels of CD68 and MCP-1 in

the pancreas of HFD-fed mice (Figure 6C). Panarefibrosis is associated with the increased

expression of fibrogenic and fibrotic molecules;tsas transforming growth fact@i (TGH1), a-

smooth muscle actimi{SMA), and collageml1. ALS-L0123 reduced the mRNA levels of TEF

a-SMA, and collagem1 compared with those in HFD-fed untreated micg.(6D).

12
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4. Discussion

Our results demonstrate that administration oflémeon balm extract ALS-L1023 to HFD-fed
obese female C57BL/6J mice not only decreased Wweaigin and visceral adipocyte size, but
concomitantly alleviated insulin resistance andgpeatic dysfunction. Body weight and visceral fat
mass were significantly decreased by ALS-L1023ttneat, although these levels did not reach those
observed in LFD-fed mice. Histological examinatioinvisceral adipose tissue revealed that 0.8%
ALS-L1023 decreased the average size of adipodyte®7% compared with untreated counterparts,
suggesting that ALS-L1023 prevented adipocyte hypehy. Because visceral obesity due to
adipocyte hypertrophy is closely associated witsuim resistance (Okuno et al., 1998, Jeong and
Yoon, 2009), ALS-L1023 might attenuate visceral Styeinduced insulin resistance in female mice.
Our data are supported by other results which atdighat visceral adipose tissue is strongly
associated with insulin resistance in abdominablgse premenopausal women (Ross et al., 2002),

although the prevalence of obesity is higher inpesopausal than in premenopausal women.

Consistent with weight loss, ALS-L1023 administratisuppressed severe hypertriglyceridemia
and elevated circulating free fatty acids in HFd-female C57BL/6J mice. The release of free fatty
acids and triglycerides into the circulation may deereased in part due to increased fatty feid
oxidation and decreased lipogenesis in pancrestiug. ALS-L1023 treatment upregulated and
downregulated pancreatic mRNA expression of fatig-anetabolizing enzymes and lipogenic genes,

respectively, in ALS-L1023-treated mice comparedhwiintreated obese mice. Consistent with

13
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changes in these expression levels, circulating fedty acids and triglycerides were decreased
following ALS-L1023 treatment in obese mice. Giwbie known role of circulating free fatty acids in
the inhibition of glucose uptake and utilization byscle, our results suggest that ALS-L1023-
induced reduction in circulating free fatty acidmtibutes to the decrease in skeletal muscleimsul

resistance observed in obese animals (Boden 4984, Roden et al., 1996).

HFD consumption by C57BL/6J mice is a potent madémpaired glucose tolerance and early
T2D (Winzell and Ahrén, 2004). These animals hawslin resistance, as evidenced by intravenous
glucose tolerance tests, and insufficient compemgaslet responsiveness (Ahrén and Pacini, 2002).
Expectedly, obese HFD-Con mice exhibited elevatstirig glucose levels and plasma insulin levels.
However, the elevated fasting blood glucose comagahs were significantly lower in the ALS-
L1023-treated than in untreated obese mice. Th&edyrincreased levels of serum insulin were also
significantly decreased by ALS-L1023 treatment, chhattests to the glucose-lowering effects of
ALS-L1023 in obese, insulin-resistant mice. Thessults suggest that ALS-L1023 inhibits
hyperglycemia and hyperinsulinemia during 16 weesHFD intake in this mouse model.
Administration of ALS-L1023 also reduced circul@irglucose levels during the oral glucose
tolerance test, showing that it ameliorated theaimgul glucose tolerance of the HFD-fed mice.
QUICKI and HOMA-IR are used for assessment of iimsgknsitivity and resistance, respectively.
The HOMA-IR index quantifies insulin resistance é®n the amount of fasting plasma glucose and
insulin, whereas QUICK is a useful and accuratendf insulin sensitivity (Quon, 2002; Antuna-

Puente et al., 2011). In this study, ALS-L1023ediQUICKI and lowered HOMA-IR values. These

14
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results suggest that ALS-L1023 supplementation med® insulin sensitivity and inhibits insulin

resistance in HFD-fed obese female mice.

Insulin resistance is closely associated with egfmmof -cell mass in obese rodents (Bock et
al., 2003; Butler et al., 2003). Expandgdell mass is an important adaptation to insulisistance
that may be critical for maintenance of normal eamnormal glycemia, but inappropriate adaptation
can lead to glucose intolerance. Pancreatic isfpettrophy and expansion @tcell mass have
previously been reported to occur in HFD-fed C5%3Lmice (Ahrén et al., 2010). Consistent with
the decreased circulating insulin levels induced\b$-L1023, treatment of HFD-fed C57BL/6J mice
with ALS-L1023 decreased the mean size of isletstha insulin-positivg-cell area to levels similar
to those in LFD-fed mice. This result suggests thaE-L1023 treatment in obese female mice
normalizes the-cell mass that is increased by insulin resistanestpring the mass to the level of
LFD mice. It is likely, therefore, that insulin-affted tissues (e.g., liver, skeletal muscle, aripoad

tissue) become insulin sensitive in the ALS-L10&2%ted female mice.

During obesity, ectopic triglycerides and fattydscaccumulate in hon-adipose tissues (e.g., liver,
muscle, heart, and pancreatic gland), and thispectat contributes to the development of insulin
resistance, T2D, and cardiovascular disease (vapedeand Schrauwen-Hinderling, 2008; Pezzilli
and Calculli, 2014; Zhou et al., 2016). Our histidal analyses revealed that ALS-L1023 decreased
lipid accumulation in the pancreas. Consistent wlith histological data, ALS-L1023 increased and
decreased the pancreatic expression of genes edalv fatty acidp-oxidation and lipogenesis,

respectively. ALS-L1023 treatment reduced mast-gdliltration and collagen accumulation, and

15
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concomitantly decreased mRNA levels of genes mladanflammation and fibrosis in the pancreas
of obese mice. These results suggest that ALS-L10RiBits obesity-induced pancreatic steatosis,
inflammation, and fibrosis, potentially by regutayi the expression of genes responsible for lipid
metabolism, inflammation, and fibrosis. It has bebhown that excess fat infiltration into pancreatic
islets can trigger apoptosis of isfecells (Unger, 2003; Unger et al., 2010). In additilong-term
HFD feeding induces fat accumulation, inflammatogll infiltration, and fibrosis in the pancreas,
leading to islet damagé-cell loss, and dysfunction (Shimabukuro et al.989Kharroubi et al.,
2004; Zhang et al., 2008). In contrast to thesaltgsour results show that HFD feeding induced the
expansion oB-cell mass rather than the losspatell mass in female mice. This difference may be
due to a greater demand focell compensation to insulin resistance than imeep-cell apoptosis

caused by steatosis.

Phytochemical studies dvelissa officinalis have revealed thd¥lelissa officinalis possesses
various phytochemicals including terpenes and phemompounds (Shakeri et al., 2016). Some
pharmacological actions delissa officinalis have been attributed to several phenolic compaunds
such as gallic acid, chlorogenic acid, syringicdaciaffeic acid, ferulic acid, and rosmarinic acid.
These phenolic compounds produce anti-inflammatorg antioxidant effects. The biologically
active components dffelissa officinalis, caffeic acid and rosmarinic acid have been shtwvn
prevent diet-induced hyperlipidemia, obesity, amsuiin resistance (Liao et al., 2013; Alam et al,

2016; Seyedan et al., 2016), suggesting that théibory actions of ALS-L1023 on visceral

16
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obesity and insulin resistance may be due to itsv@aonstituents, such as caffeic acid and

rosmarinic acid.

With regard to the average daily doses of each oamg, the crude extract d¥lelissa
officinalis contains phenolic acids in relatively high concatibns. However, the quantities of
caffeic acid and rosmarinic acid are significantigriable under the different manufacturing
conditions. For example, the levels of caffeic amil rosmarinic acid are 0.047-0.705 and 0.158-
48.608 mg/g of dry weight, respectively (Arceuszl alesolowski, 2013). Actually, we did not
guantitate the concentrations of caffeic acid aosimarinic acid in the leaf extract Melissa
officinalis and the daily doses of these compounds were nasuned in this study. Quantitation of
pharmacologically active compounds M€lissa officinalis should be determined under the same

manufacturing conditions.

17
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5. Conclusion

In conclusion, these results demonstrate that #bah extract ALS-L1023 fronMelissa
officinalis not only inhibits obesity and dyslipidemia, busalalleviates hyperglycemia, glucose
intolerance, and islet hypertrophy in obese, imstdisistant C57BL/6J female mice. Overall, these
data suggest that lemon balm may be a promisirggttdor the prevention of obesity and insulin
resistance in female obesity. Further studies acessary to determine the mechanism by which ALS-
L1023 regulates insulin resistance, to identify ahdracterize active components for their effeats o
obesity and insulin resistance and to develop pialetherapeutic uses of ALS-L1023 for

premenopausal women with obesity and hyperglycemia.
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Figurelegends

Fig 1. Regulation of body weight, adipose tissue mass,vésukral adipocyte size by ALS-L1023.
Female C57BL/6J mice (n = 8/group) were fed an L&&bDHFD or an HFD supplemented with 0.4 or
0.8% ALS-L1023 for 16 weeks. (A) Body weights, (Bydy weight gain, (C) total adipose tissue
mass, and (D) visceral adipose tissue mass. (Eplblggcal analysis of visceral adipose tissue d&fd (
visceral adipocyte size. All values are expressedha mean + SD'p<0.05 compared to LFD.

*p<0.05 compared to HFD-Con.

Fig 2. Circulating levels of lipids, glucose and insuliallbwing ALS-L1023 treatment. Female
C57BL/6J mice (n = 8/group) were fed an LFD, an HéCan HFD supplemented with 0.4 or 0.8%
ALS-L1023 for 16 weeks. Plasma levels of (A) tricgyides and (B) free fatty acids. (C) Fasting
blood glucose levels. (D) Plasma insulin leveld. values are expressed as the mean +"B80.05

compared to LFD. *p<0.05 compared to HFD-CBp<0.05 compared to HFD-ALS (0.4%).

Fig 3. QUICKI, HOMA-IR, and OGTT after ALS-L1023 treatmerffemale C57BL/6J mice (n =
8/group) were fed an LFD, an HFD or an HFD suppiaied with 0.4 or 0.8% ALS-L1023 for 16
weeks. (A) QUICK and (B) HOMA-IR. (C) Oral glucoselerance test (OGTT) and (D) OGTT area
under the curve (AUC). All values are expressedhesmean + SD?p<0.05 compared to LFD.

*p<0.05 compared to HFD-Coflp<0.05 compared to HFD-ALS (0.4%).
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Fig 4. Pancreatic morphology and insulin-secretfigell area after ALS-L1023 treatment. Female
C57BL/6J mice (n = 8/group) were fed an LFD, an HéiCan HFD supplemented with 0.4 or 0.8%
ALS-L1023 for 16 weeks. (A) H&E-stained pancreatéctions (original magnificatiox,100). (B)
Pancreas sections stained with an anti-insulirbadti (original magnification, x100). (C) Relative
insulin-positivep-cell area. All values are expressed as the me&d #p<0.05 compared to LFD.

*p<0.05 compared to HFD-Coflp<0.05 compared to HFD-ALS (0.4%).

Fig 5. Inhibition of pancreatic steatosis, inflammationddibrosis by ALS-L1023. Female C57BL/6J
mice (n = 8/group) were fed an LFD, an HFD or arDHfapplemented with 0.4 or 0.8% ALS-L1023
for 16 weeks. (A) H&E-stained pancreas sectiongifeell magnification x100). Arrows indicate lipid
droplets. (B) Toluidine blue-stained sections ofigraas tissues (original magnification x 400). (E)

Masson'’s trichrome-stained sections of pancreasdis (original magnification x 100).

Fig 6. Effects of ALS-L1023 on the mRNA expression of genevolved in lipid metabolism,
inflammation, and fibrosis in the pancreas. Fent&BL/6J mice (n = 8/group) were fed an LFD, an
HFD or an HFD supplemented with 0.4 or 0.8% ALS-23Gor 16 weeks. Expression of (A) fatty
acid oxidation and (B) lipogenic genes. Expressib(C) inflammatory and (D) fibrogenic genes. All
values are expressed as the mean +"B€0.05 compared to LFD. *p<0.05 compared to HFD-Con

@p<0.05 compared to HFD-ALS (0.4%).
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