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Kappa-carrageenan (k-CGN) is widely used in the meat industry. However, its impact on the host metab-
olism is less revealed. The current study investigated the effect of k-CGN in pork-based diets on the lipid
metabolism of male C57BL/6J mice. The k-CGN supplement significantly suppressed the increase in
body weight by 6.79 g on an average. Supplement of k-CGN in high-fat diets significantly upregulated the
genes and protein expression of Sirtuinl, which was accompanied by the increased gene expression of
downstream fatty acids oxidation (Cptla and Acadl). The sirtuinl-mediated improvement of lipid metab-
olism was negatively associated with the levels of bile acids, especially for deoxycholic acid, 33-cholic
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acid, glycodeoxycholic acid and glycolithocholic acid. Moreover, k-CGN in high-fat diets inhibited lipid
digestion and absorption, being associated with the decrease in lipid accumulation and improved serum
lipid profile. These results highlighted the role of k-CGN in alleviating diet-induced adiposity by promoting

rsc.li/ffood-function energy expenditure and suppressing the bioavailability of ingested lipids.
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1 Introduction

Carrageenan (CGN) refers to a class of polysaccharides and
soluble dietary fiber with high viscosity, which are mainly
extracted from certain species of red algae." k-CGN is com-
monly used in the food industry, especially in meat
processing,>™* due to its good thickening, gelling and stabiliz-
ing properties.” Recently, the high consumption of meat was
shown to be associated with metabolic disease,>® largely due
to the high fat content in meat products. Traditional meat pro-
ducts usually contain 20% to over 30% fat to ensure a desir-
able texture and flavor.> The caloric density of fat is usually
2.25 higher than that of carbohydrate.” Consequently, overeat-
ing those meat products may trigger a positive energy balance
and weight gain, leading to adiposity and finally causing lipid
metabolic disorders such as nonalcoholic fatty liver disease
and dyslipidemia.® Both academia and meat industry are
finding proper methods to reduce the adverse effects of high
fat contents in meat products.

As an important additive and fat analogue in the meat
industry, the effect and mechanism of the k-CGN supplement
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in meat-based diets on energy metabolism have not been
studied in detail, but should be evaluated. xk-CGN was con-
firmed to improve the energy metabolism, whereas conflicting
conclusions of k-CGN on metabolic health were found in
several studies.”™" Chin et al. and Wang et al. reported on the
improving effect in glucose and lipid metabolism by x-CGN in
the high-fat diets. However, Zhou et al. discovered that the
mice consuming standard diets developed glucose intolerance
and insulin resistance by x-CGN.™ In addition, dietary
k-CGN was shown to inhibit lipid accumulation via different
mechanisms, and seemed to depend on the dietary
components.”” Because of the low bioavailability and low fer-
mentability of k-CGN,""? its digestion and absorption behavior
in the upper gastrointestinal tract should also be very critical
to the metabolism of the hosts. Some studies have shown that
the food matrix may affect the bioavailability of
macronutrients."'* Moreover, the well-known protein-binding
properties of k-CGN' indicate the great potential of k-CGN
interacting with the food matrix and digestive fluid. However,
it was neglected in the aforementioned studies. Bile acids
(BAs) are essential for the digestion and absorption of lipids
and lipophilic compounds, which can also regulate the metab-
olism through the interactions with their receptors, such as
farnesoid X receptor (FXR)."”> As a key factor in regulating the
energy metabolism, the activity of Sirtuinl (SIRT1) is also
affected by FXR in the liver.'® Viscous polymers including CGN
are well-known in blocking their motions."” Sokolova et al.
proved that k-CGN dose-dependently inhibited bile acid per-
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meation through the artificial phospholipid membranes.
Therefore, it was presumed that BAs are key in glycolipid
metabolism regulated by k-CGN.

To verify these hypotheses, the dosage-dependent role of
k-CGN addition in pork-based diets in regulating the lipid
metabolism of male C57BL/6] mice was investigated in this
work. Especially, the role of BAs in lipid metabolism and
related hepatic factors was analyzed. In addition, lipolysis
affected by k-CGN was investigated in in vitro digestion. This
work could provide new insight into the possible mechanism
of high-viscous non-fermentable soluble dietary fiber improv-
ing the lipid metabolism.

2 Materials and methods

2.1 Structure and molecular weight determination of k-CGN

k-CGN (Beijing Solarbio Science & Technology Co., Ltd, Cat No.
C8833) with the properties of 50 mPa s and 1543 g cm™>
(20 °C, 1.5% in water) was employed. The structural character-
istics of k-CGN were measured as follows:

Nuclear magnetic resonance (NMR): k-CGN (90 mg) were
dissolved in 2 mL 80 °C D,O0, followed by the "H and *C NMR
determination (accumulation times >1100) at 85 °C with a
Bruker Ascend iii 400 MHz NMR spectrometer (Bruker
Corporation, Germany) with a 400 MHz 5 mm broad band
probe (iProbe) for structure analysis.

2.1.1. Gel permeation chromatography (GPC). The mole-
cular weight was analyzed using high-performance GPC with
an Agilent Technologies 1260 HPLC machine (Agilent
Technologies, CA, USA), WYATT DAWN 8" light scattering
detector (Wyatt Technology Corporation, CA, USA) and Shodex
OHpak SB-805 HQ gel column. The mobile phase was 0.1 M
NaNO; water solution, with a column temperature of 40 °C

and a flow rate of 0.5 mL min™".

2.2 Diets and animals

A total of 72 four-week-old male mice purchased from
Gempharmatech Co., Ltd were randomly divided into six
groups (n = 12 in each group, 2 per cage) ad libitum to diets
and water, in a specific pathogen-free animal facility (SYXK <
Jiangsu > 2011-0037; temperature, 20 + 2 °C; relative humidity,
45-60%; light cycle, 12 h/12 h). After one-week adaption, the
mice are supplied with six different diets for 90 days, as shown
in Table S1.t The diets and groups were named low-fat-carra-
geenan-free (LFNC), low-fat-low-carrageenan (LFLC), low-fat-
high-carrageenan (LFHC), high-fat-carrageenan-free (HFNC),
high-fat-low-carrageenan (HFLC) and high-fat-high-carragee-
nan (HFHC). k-CGN was added by replacing the equal mass of
cellulose to avoid the changes in energy density. The k-CGN
proportion was designed based on the common content
(0.2%-2%) in meat processing.'® The LFNC diet was formu-
lated in reference to the AIN-93G standard. Diets with 45% cal-
ories from fat were adopted for high-fat groups, as the induc-
tion of obesity is more similar in humans."® Degreased and de-
hydrated pork gluteus muscle prepared with a previous
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method was selected as the dietary protein source.”® Body
weight and feed consumption were recorded every 3 days. All
animal procedures were performed under the Guidelines of
Care and Use of Laboratory Animals of Nanjing Agricultural
University, and approved by the Animal Ethics Committee of
Experimental Animal Center of Nanjing Agricultural
University.

2.3 Oral glucose tolerance test (OGTT)

OGTT was conducted a week before sacrifice. Mice were given
glucose (2 g per kg body weight) by oral gavage after a 16-hour-
fasting. Blood was collected from the tail at 0, 30, 60, 90 and
120 min after the gavage, and the blood glucose was measured
with a blood glucose meter (Sinocare Biosensing Co., Ltd,
China).

2.4 Sample collection and recording

All mice (72 in total) were sacrificed after the dietary interven-
tion immediately. Serums were collected by centrifuging blood
at 3000 rpm and 4 °C for 30 min. After recording the intraab-
dominal morphology by photographing, the liver, epidydimal
white adipose tissue (EWAT), perirenal white adipose tissue
(PWAT), subscapular brown adipose tissue (BAT) and intestinal
content were weighed and stored at —80 °C.

2.5 Observation of histological sections

Hepatic and epididymal adipose tissues were fixed in 4% par-
aformaldehyde for a week, and embedded in paraffin wax for
hematoxylin-eosin staining. Frozen hepatic tissue sections of
10 pm thickness were stained with oil red. Lipid droplets of
epididymal adipose tissue were counted with AdipoCount soft-
ware under the fields with equal size.

2.6 Sera lipid profile analyses

Total cholesterol (TC), high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C) and total
triglyceride (TG) were determined using commercial biochemi-
cal kits (Nanjing Jiancheng Bioengineering Institute Co., Ltd,
Nanjing, China) following the instruction.

2.7 RNA extraction and real-time qPCR (RT-qPCR)

Total RNA extraction was implemented using the MiniBEST
Universal RNA extraction kit (TaKaRa, Kusatsu, Shiga, Japan),
and c¢DNA was synthesized from mRNA using the PrimeScript
RT master mix (TaKaRa). RT-qPCR was performed in a
QuantStudio 6 flex real-time PCR system (Applied Biosystems,
Waltham, MA) with TB Green® Premix Ex Taq™ (Tli RNaseH
Plus) kit (Takara, Japan). All operation steps were carried out
in compliance with the instructions. The 274" method was
chosen to analyze the relative mRNA expression with the
Gapdh as a reference gene. All tested genes and their primers
are listed in Table S2.f

2.8 Hepatic protein extraction and western blot

The protein was extracted with RIPA lysis buffer (strong) con-
taining 1% (v/v) protease inhibitor cocktails (MCE) at a ratio of
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1:10 (w/v) by homogenization (0-10 °C), and collected from
supernatants by centrifugation (11 492g, 4 °C, 5 min). After the
protein was quantified by BCA Protein Assay Kit (Thermo
Fisher Scientific, Shanghai, China), 30 pg protein samples
were subjected to 12% SDS-PAGE gel and transferred to
0.45 pm PVDF membrane. After the sealing (5% skim milk
solution for 1 h) and incubation (12 h at 4 °C in the primary
antibody diluents, f-actin and Sirt1, 1:3000; Cell Signaling
Technology, Inc., Shanghai, China), the membrane was
washed with 1x TBST buffer, followed by the incubation at
room temperature for 1 h in the secondary antibody diluent.
The protein expression was visualized by the chemilumines-
cence (PerkinElmer Co., Ltd, USA) method in a chemical
imaging system (Image Quant LAS4000, General Electric
Company), and quantified using Quantity One software
(v4.6.2, Bio-Rad). f-Actin was used as the reference.

2.9 BAs extraction and analysis

BAs from the colonic content (50 mg) were extracted by vortex-
ing, homogenization, ultrasound (30 min, room temperature)
and centrifugation (12 000 rpm, 4 °C, 10 min) in 400 pL metha-
nol (=20 °C). Then, 100 pL dilutions of the supernatant (1:2,
v/v in deionized water) was added to 900 pL 30% methanol. A
Shimadzu LC-30 liquid chromatography system coupled with
an AB Sciex 6500 quadrupole time-of-flight mass spectrometer
and Turbo Ionspray electrospray ionization source was used
for the analysis of BAs with a previously described method.*
All targeted BAs are listed in Table S3.7

2.10 Short-chain fatty acids (SCFAs) extraction and analysis

Cecal contents were dissolved in deionized water (1: 5, w/v) by
Precellys Evolution Super Homogenizer (Bertin Technologies,
France) and centrifuged (13 500g, 10 min, 4 °C). Then, meta-
phosphoric acid (250 g L™") with 6.464 g L™ crotonic acid
(internal standard) was added to the supernatant (1:15, v/v).
After standing overnight at —20 °C, the supernatant obtained
by centrifugation (1200 rpm, 5 min, 4 °C) and filtration
(0.22 pm membrane) was mixed with 200 pL diethyl ether.
After lamination, 50 pL of the upper liquid was injected into a
gas chromatography system (GC-2010 Plus Shimadzu, Japan)
with an HP-INNO Wax capillary column (30 m x 0.25 mm X
0.25 pm, Agilent Technologies, CA), as described previously.>?

2.11. Static in vitro digestion

Diets from HFNC, HFLC and HFHC groups were subjected to
static in vitro digestion according to INFOGEST 1.0.>* Briefly,
the ground diet (5 g) was digested with bovine bile (Beijing
Solarbio Science & Technology Co., Ltd, Cat No. B8210),
porcine pepsin (Sigma-Aldrich, Cat. no. P7012), and porcine
pancreatin (Sigma-Aldrich, Cat. no. P7545) in a 100 mL
screwed glass bottle approaching 40 mL during intestinal
phase. Lipolysis and proteolysis were stopped by 5 uL mL™" of
1 M 4-bromophenylboronic acid in methanol and 50 pL, mL™*
of 0.1 M AEBSF in water, respectively. Later, the upper liquid
and lower precipitate were obtained by standing for 30 min in
a 50 ml vial at 37 °C.
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2.12 Laser confocal microscopy (LSCM) observation

For the observation of lipid and protein, 25 pL Nile red (1 mg
mL™" in ethanol) and 20 pL Nile Blue (1 mg mL™" in water)
were vortexed with 1 mL of the mixture, precipitate, and upper
layer liquid of the digesta. Then, 60 pL samples were observed
on glass microslides by an LSCM (TCS SP8, Leica, Wetzlar,
Germany) with 10x objective. Lasers with excitation wave-
lengths of 543 nm and a 633 nm were applied to excite the
Nile Red and Nile Blue dyes, respectively.

2.13 Lipid extraction and thin layer chromatography (TLC)

Lipids from the ileal contents were digested with Folch’s
method and dissolved in chloroform (1:25, w/v).>* Then,
10 pL sample was developed on the silica gel G plate with pet-
roleum ether-diethyl ether-acetic acid (70:30:1) as the devel-
oping solvent. The lipids blots were photographed by a Gel
Doc XR + Gel Documentation System (Bio-Rad Laboratories,
Inc., CA, USA) after the coloration by iodine vapor.

2.14 Statistical analysis

Data were expressed as means + standard error, and evaluated
using two-way ANOVA, one-way ANOVA (feed intake and
expression of Sirtl protein level) and Spearman correlation
analyses. The least-square means were compared by Tukey’s
t-test. Avalue of p < 0.05 was considered to indicate statistically
significant differences between groups.

3. Results

3.1 Structural determination of k-CGN

k-Type was confirmed to be the predominant component in
our CGN sample with the fraction of ~-type by 'H NMR
(Fig. S1At) and *C NMR (Fig. S1Bt) spectra, according to the
previous results.”>?*® The average molecular weight (M,,) was
5.703 x 10° g mol™" (£1.290%), with an average polydispersity
index of M,/M, = 1.308 (Table S4}). Those features were
matched with to the commercial products.

3.2 k-CGN and whole body and visceral weight gain in high-
fat diets

After 90 days of intervention, k-CGN significantly inhibited the
weight gain of mice fed with high-fat diets (Fig. 1A and B, p <
0.05). The heaviest weight occurred in the HFNC mice, fol-
lowed by those in the HFLC and HFHC groups. The mice fed
with the low-fat diets had lighter weights. Additionally, the
variations in the weights of liver, visceral fat and subscapular
BAT (Fig. 1C) and the intraabdominal morphologies (Fig. S27)
corresponded to those of the body weight among the groups
(Fig. 1B). The above results indicated that the body weight loss
was attributed to the reduction of lipid accumulation led by
k-CGN.

3.3 k-CGN improved lipid metabolism in high-fat groups

k-CGN in high-fat diets decreased the lipid accumulation in
the liver and the extent of lipid droplets in epididymal adipo-

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 The effects of diet on the body and visceral weight of C57BL/6J mice. (A) Body weights during the dietary intervention. (B) Final body
weights. (C) Final liver and fat weights. Asterisks indicate significant differences between the low-fat diet groups and high-fat diet groups (p < 0.05);
a and b indicate significant differences among the low-fat diet groups (p < 0.05); A and B indicate significant differences among the high-fat diet

groups (p < 0.05).

cytes (Fig. 2A). The epididymal lipid droplets numbers
(Fig. 2B) were significantly increased (p < 0.05) by k-CGN in
both high- and low-fat diets, indicating the remarkable effect
of k-CGN in regulating the lipid metabolism.

In serum, the HFNC diet led to a significant rise in TC, TG,
LDL-C and HDL-C levels compared with the LFNC diets (p <
0.05, Fig. 2C and D). The levels of TC, HDL-C and LDL-C were
dose-dependently reduced (p < 0.05) among groups, whereas
the TG content was decreased (p < 0.05) merely in high-fat
groups after the k-CGN supplementation (Fig. 2C and D).

Mice fed with k-CGN from high-fat diets did not exhibit any
decrease in the blood glucose levels in OGTT. However, there
was a significant decrease in their low-fat counterparts (p <
0.05, Fig. S31). These results display the remarkable effects of
k-CGN on the in vivo glycolipid metabolism homeostasis in
diets and improvement of lipid accumulation in high-fat diets.

3.4 k-CGN enhanced fatty acid oxidation in liver

The dose-dependent decrease of the HDL-C and LDL-C levels
in serum by k-CGN indicated that the variation of lipid metab-
olism stemmed from the liver.>” Therefore, the mRNA and
protein expression regulating the lipid metabolism in the liver
was determined. The f-oxidation mRNA levels of Acadl and
Cptia (Fig. 3A) were significantly higher in the HFLC and

This journal is © The Royal Society of Chemistry 2023

HFHC groups than those in the HFNC group (p < 0.05).”%*°
Their upstream regulator Ppara mRNA expression (Fig. 3A) was
merely significantly upregulated in HFHC (versus the HFNC
group, p < 0.05). However, the expression of some Sirtuin
family genes (Sirt1, Sirt3 and Sirt6, Fig. 3A) was significantly
upregulated. In particular, Sirt1 (Fig. 3A) was significantly
upregulated in high and low-fat groups with x-CGN interven-
tion. Furthermore, the protein levels were also significantly
increased (Fig. 3C). As Sirtuinl is a NADH-dependent regula-
tor, the expression of the gene (mt-Nd1) predicted to enable
NADH dehydrogenase® was investigated, and the results were
correlated to the Sirt7 mRNA expression. Considering the
interplay between Sirt1 and BAs,*'* the expression of Cyp7a1
was measured as it encodes a key enzyme in the neutral BAs
biosynthesis pathway.'> The results (Fig. S4At) revealed that
k-CGN significantly up-regulated Cyp7al expression transcrip-
tionally in high-fat diets, and slightly increased the mRNA
levels in low-fat diets (no statistical significance).

All of the determined lipogenic genes in the HFLC and
HFHC groups (Fig. 3D and Fig. S4B-Ff) did not show any sig-
nificant down-regulation compared with those in the HFNC
group. However, Xbp1 and Cebpb (Fig. 3D), which were reported
to induce hepatic steatosis,>>™” increased in the HFLC and
HFHC groups. On the contrary, k-CGN in low-fat diets signifi-

Food Funct., 2023, 14, 5404-5416 | 5407
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Fig. 2 k-CGN reduced the lipid accumulation and serum lipid content. (A) Hepatic and EWAT histological sections. (B) Numbers of epididymal lipid
droplets. (C and D) Contents of the serum TC, HDL-C, TG and LDL-C. Asterisks indicate significant differences between the low-fat diet groups and
high-fat diet groups (p < 0.05); a and b indicate significant differences among the low-fat diet groups (p < 0.05); A and B indicate significant differ-

ences among the high-fat diet groups (p < 0.05).

cantly inhibited the mRNA expression of lipogenic genes,
including Fasn, Acaca, Dgat2, Elovl6, Mgat1 and Cebpb (Fig. 3D).

3.5 BAs and SCFAs concentrations were negatively associated
with improved lipid metabolism

Because of the low incidence of k-CGN crossing the intestinal
barrier,' the interaction between Sirt1 and BAs*'* and the
significantly enhanced Cyp7al expression by k-CGN in high-fat
diets (Fig. S4Af), the BAs in the colonic contents were
measured. k-CGN intervention dose-dependently reduced the
BAs contents (Fig. 4A), except for NorDCA, 12-ketoLCA and
UCA (Fig. S571). In the high-fat diet groups, the intervention of
k-CGN reduced the content of bile acids by half on average.

The heatmap consisting of individuals with high-fat diets
(Fig. 4B) implied that the rise of deoxycholic acid (DCA),
3p-cholic acid (BCA), hyodeoxycholic acid (HDCA), lithocholic
acid (LCA) and several conjugated BAs was correlated with elev-
ated LDL-C, TG and TC levels in the serums and more adipose
weight. Furthermore, most of the BAs level were negatively
associated with the hepatic Sirt7 mRNA level in the high-fat
diet groups (Fig. 4C). Notably, strong negative correlations
occurred (correlation coefficient >0.6) in the relation of
a-muricholic acid (a-MCA), glycodeoxycholic acid (GDCA) and
taurocholic acid (TCA) with Sirt1 expression.

SCFAs are critical substances in energy metabolism and
usually transferred from undigested carbohydrates in large

5408 | Food Funct,, 2023, 14, 5404-5416

intestinal luminal by microbiota. These compounds has
already been proved to profoundly regulate lipolysis, satiety,
gluconeogenesis and fat accumulation.’® After the dietary
intervention, the acetate (Fig. 5A) and butyrate (Fig. 5B) levels
were significantly elevated in the HFNC group compared to
those in the LFNC group. Meanwhile, the contents of most
SCFAs (acetate, isobutyrate, butyrate, 2-methylbutyrate and
valerate, Fig. 5A-C) were significantly decreased by the k-CGN
supplement in high-fat diets (p < 0.05). Moreover, the concen-
trations of SCFAs were positively correlated to the lipid depo-
sition (Fig. 5D). Positively strong correlations (correlation
coefficient >0.6) appeared between certain SCFAs (isobutyrate
and valerate) levels and EWAT weight, as well as the isobutyrate
level and serum profiles (TC, TG and HDL-C). However, all
SCFAs levels were negatively associated with the hepatic Sirt1
mRNA level. These results suggested a potentially diminished
supply of SCFAs as an energy source by k-CGN.

3.6 k-CGN impeded bioavailability of lipids in high-fat diets

Because low energy level was reported to up-regulate
Sirtuin1,*>*® we assumed that x-CGN possibly changed the
BAs and SCFAs distribution through the impeded digestion
and absorption of macronutrients in the upper gastrointestinal
tracts. Thus, the diet intake and lipids from the ileal contents
were analyzed. Interestingly, k-CGN lowered the total feed
intake in high-fat diets, albeit not statistically significantly

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 «-CGN enhanced hepatic fatty acid oxidation. (A) mRNA expressions of p-oxidation-promoting and mitochondrial genes relative to the LFNC
group. (B and C) Hepatic Sirtl protein levels. (D) mRNA expressions of the lipid synthesis genes relative to the LFNC group. Asterisks indicate signifi-
cant differences between the low-fat and high-fat diet groups (p < 0.05); a and b indicate significant differences among the low-fat diet groups (p <
0.05); A and B indicate significant differences among the high-fat diet groups (p < 0.05).

(Fig. 6A and B). The dietary consumptions in the first 15 days
were significantly reduced by k-CGN in the high-fat diets (p <
0.05, Fig. 6C), as the dietary lipids are the key factors inducing
obesity and hepatic steatosis® and most of the lipids were
absorbed in jejunum.” The lipids from ileal contents were
extracted and analyzed by TLC. The results revealed that
k-CGN in high-fat diets decreased the proportion of triglycer-
ides (TAG), while increasing the proportion of free fatty acids

This journal is © The Royal Society of Chemistry 2023

(FFA) (Fig. S6t). Those results implied the ability of x-CGN in
regulating lipids digestion and absorption in diets.

High-fat diets were subjected to static in vitro digestion for
further exploration. The blots on the TLC plates are triglycer-
ides, free fatty acids, diglycerides (DAG), monoglycerides
(MAG), and phospholipids (PL) from top to bottom (Fig. 6D).
The TLC results of in vitro lipids digestion indicated that lipo-
lysis was suppressed by k-CGN because of the shrunk TAG and

Food Funct, 2023, 14, 5404-5416 | 5409
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Fig. 4 The reduction of the BAs concentration was accompanied by the alleviated lipid metabolism. (A) BAs distribution. (B) The relationship
between the BAs levels and lipid metabolism in the high-fat diet groups displayed by a heatmap with the statistics modified by the Z-score method.
(C) The correlation coefficient between the BAs concentration and SirtI mRNA expression in the high-fat diet groups. * and ** indicate the signifi-

cance of the correlation (p < 0.05 and p < 0.01, respectively).

enlarged FFA blots led by the existence of k-CGN on the plates
(Fig. 6D). Interestingly, despite the similar lipid composition in
the upper layer liquid among the diets exhibited by TLC, the
larger and more abundant lipid droplets were observed from
HFLC and HFHC digesta by LSCM (Fig. 6D and Fig. S7-S12+).

4. Discussion

Our earlier studies proved that excessive fat content in meat is
the main cause of lipid metabolism disorders.*’** The high

5410 | Food Funct, 2023, 14, 5404-5416

content of fat in meat diets was proved to cause obesity, fatty
liver disease, elevated inflammation levels and oxidative
41741 ¥-CGN is a very important indigestible hydrocolloid
and carbohydrate polymer in the food industry with controver-
sial effects on metabolic health.’™" Its safety needs to be care-
fully evaluated. In general, the molecular weight of CGN
applied in the food industry ranges from 200 to 800 kDa."'®
Moreover, “pure” k-CGN is rare owing to the inevitable occur-
rence of -CGN units.>® Consequently, the k-CGN with those
properties were deliberately chosen in our work. Consistently,
k-CGN addition in high-fat-pork-based diets could also signifi-

stress.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 The declined SCFAs concentration in cecal contents was associated with lipid metabolism. (A—C) The distribution of acetate, propionate,
butyrate, isobutyrate, isovalerate, 2-methylbutyrate and valerate concentration in the cecal content. (D) Association between the SCFAs contents,
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.01); a and b indicate significant differences among the low-fat diet groups

(p < 0.05); A and B indicate significant differences among the high-fat diet groups (p < 0.05).

cantly restrain the body weight gain and fat mass rise, and alle-
viate the lipid profiles in blood. The lipid profiles (TC, TG,
HDL-C and LDL-C) in the serums and tissue histological sec-
tions displayed the inhibited positive energy balance by k-CGN
in high-fat diets. Thus, we focused on hepatic lipid metab-
olism in our following study for the reason that low-density
lipoprotein (LDL) and high-density lipoprotein (HDL) are com-
plexes originating from the liver, and play a fundamental role
in lipids transportation.””

Our results suggested that kx-CGN decreased the lipid
accumulation by enhancing hepatic fatty acid oxidation. Cptia
and Acadl are protein coding genes, which directly encode car-

This journal is © The Royal Society of Chemistry 2023

nitine palmitoyltransferase 1a and long-chain acyl-Coenzyme A
dehydrogenase, respectively. These two proteins are directly
involved in fatty acid p-oxidation.”®* In our study, mRNA
levels of Cptia and Acadl were significantly promoted in both
high-fat diet groups supplied with k-CGN. Sirtuin expression is
very important in exploring the mechanism of k-CGN regu-
lation in lipid metabolism. Several research studies discovered
the promoted f-oxidation by activating Sirtuins."®*>*® In our
study, the gene expressions of Sirt1, Sirt3 and Sirt6 in the liver
were all significantly increased by k-CGN in high-fat diets.
However, we took the most interest in the expression of
Sirtuin1 for several reasons. First, the protein levels were sig-

Food Funct, 2023, 14, 5404-5416 | 5411
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Fig. 6 x-CGN inhibited the calorie uptake in diets. (A) Changes of the feed intake during the intervention for each cage. (B) Total average dietary
intake for each cage. (C) The feed intake from day 0—15. (D) The in vitro digestion results of high-fat diets.

nificantly higher in the HFLC and HFHC groups compared
with the HFNC group. Second, the SirtI gene expression was
also significantly upregulated by x-CGN in the LFHC group,
and the expressions in all groups seemed to be negatively cor-
related with the BAs concentration in the colonic contents.
Third, Cptia and Acadl were both transcriptionally up-regu-
lated in the HFLC and HFHC groups compared to those in the
HFNC group, suggesting the possibility of the Sirtuini-
mediated promotion of fatty acid oxidation.*”

5412 | Food Funct, 2023, 14, 5404-5416

BAs are well-known in the regulation of glycolipid metab-
olism. The total targeted BAs levels in colonic contents were
positively associated with the serous lipid profiles in high-fat
diets, and exhibited a remarkably negative correlation with
hepatic Sirt1 expression. The BAs receptor FXR manipulated
the miR-34a expression and targeted Sirt1 in hepatocytes.'®
Moreover, fibroblast growth factor 15/19 (FGF15/19) is an
enteroendocrine hormone regulating BAs synthesis and com-
position, and is secreted by intestinal FXR activation.

This journal is © The Royal Society of Chemistry 2023
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Inhibiting the intestinal FXR/FGF15 signal pathway benefits
glycolipid metabolism.*®*° In the results of our work, k-CGN
radically lowered most of the targeted BAs, potentially result-
ing in intestinal FXR/FGF15 signal inhibition. Furthermore,
hepatic fibroblast growth factor receptor 4 (FGFR4), a key in
regulating bile acid synthesis and energy metabolism, was
probably inactivated and thereby affected the BAs composition,
leading to the regulated energy metabolism."?

Reducing the SCFAs production by k-CGN in the intesti-
nal tract is a possible mechanism to improve the lipid
metabolism, as it was reported that only the 4.5 kDa CGN
was able to be degraded and transferred to SCFAs by
human intestinal microbes."” In line with the human
study,®® we found that the increase of the SCFAs concen-
tration in the cecal contents was associated with lipid
metabolism disorder and obesity. It could be explained as
follows. Firstly, acetate promotes the metabolic syndrome
through the microbiome-brain-p-cell axis.>® Secondly, SCFAs
can be exploited as energy by the host and aggravate the
positive energy balance.’®>® The low SCFAs levels may cause
lower energy states, which can potentially elevate Sirtuinl
expression (such as fasting and calorie restriction).*>*°
Thus, hepatic Sirtuinl upregulation may indicate the
obstructed energy absorption.

The inhibited digestion and bioavailability of energy in
the upper gastrointestinal tracts may also cause low energy
states. Furthermore, the lipids digestion and absorption
should be focused on primarily since it contributed most of
the calories in our high-fat diets. Generally, the digested
lipids should be removed from the lipid droplets to prevent
the inhibition of lipolysis, and form micelles for the absorp-
tion.” In the upper layer liquids of the digesta, the existence
of k-CGN increased the size and number of lipid droplets
without the changes in lipid composition. Consequently, our
static in vitro digestion results suggested that x-CGN had the
potential to inhibit lipolysis and lipid absorption in certain
dietary modes, which could partially explain the feed intake
being decreased by x-CGN. These phenomena might be
attributed to the blunting effect on bile salts by k-CGN,>*
which possibly affected the lipid uptake and BAs metabolism
afterwards.

Xbp1 and Cebpb can be activated by endoplasmic reticulum
stress, stimulating lipogenesis and gluconeogenesis.*® In the
present study, k-CGN might control glycolipid metabolism
through these two genes, which may have led to the inconsist-
ent results with other studies. Other factors, such as SCFAs
levels and hepatic Sirt1 expression, may also contribute to the
glycolipid metabolism in our study according to some litera-
ture studies.*®® Furthermore, their roles and mechanisms in
the regulation of energy metabolism by k-CGN still need to be
answered in the future.

Our studies, as well as those of others,’ " stressed the com-
plicated role of k-CGN in glycolipid metabolism with different
situations. We propose that future relative studies on k-CGN
should focus on the behavior of k-CGN interacting with other
dietary components and digestive fluids.

This journal is © The Royal Society of Chemistry 2023
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5. Conclusion

Our work demonstrated the beneficial effect of k-CGN in the
meat dietary patterns on energy homeostasis. The lipid
accumulation was decreased by k-CGN in high-fat diets, which
was associated with Sirtuini-participated hepatic fatty acid oxi-
dation, inhibition of calorie intake, and reduced the BAs and
SCFAs content in the large intestinal lumina.
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