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1  | INTRODUC TION

Nonalcoholic fatty liver disease (NAFLD) is a metabolic disease, 
and it includes simple steatosis and nonalcoholic steatohepatitis; 
these diseases are related to obesity (Anstee et al., 2011). NAFLD 
is characterized by the accumulation of triglycerides and free fatty 
acids (FFA) in hepatocytes (Aray et al., 2004; Younossi et al., 2019). 
Obesity increases the release of FFA from adipose tissue to liver, con-
tributing to the development of insulin resistance, and this decreases 

β- oxidation by accumulating lipids in the liver (Zhang et al., 2018). 
FFAs can be incorporated into the synthesis of phosphatidylcholine, 
which can subsequently be derived into lysophosphatidylcholine 
(LPC) by the action of the enzyme phospholipase A2. An imbalance 
of LPC has been linked to the development of NAFLD in a model of 
rats with obesity and diabetes mellitus (Yang et al., 2018).

Despite the high prevalence of NAFLD, there are insufficient 
treatments, including few natural therapeutic alternatives. Green 
tea is one of the most consumed beverages in the world, and reports 
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Abstract
Hypercaloric beverages increase the prevalence of insulin resistance and nonalco-
holic fatty liver disease (NAFLD), diets with polyphenolic compounds improved these 
alterations. The study aimed to evaluate the effect of the consumption of three func-
tional beverages (prepared with: Roselle, green tea, cinnamon, Malabar tamarind, and 
peppermint in different proportions) on insulin resistance and NAFLD and their rela-
tion to liver phospholipid regulation in Wistar rats fed with a high- fat and fructose 
(HFF) diet. The consumption of beverages showed lower liver triglycerides compared 
to HFF control group, being the called beverage B the successful triggering up to 
30.1%. The consumption of functional beverages improved insulin resistance and de-
creased the abundance of LysoPC (20:2), LysoPC (16:0), LysoPC (14:0), LysoPE (18:0), 
LysoPC (15:0), and LysoPC (20:1), with beverage C being the one with the meaning-
ful effect. The results indicate that the functional beverage consumption improves 
insulin resistance, and decrease the degree of NAFLD, these through modifications 
of lysophosphatidylcholines, and lipids metabolism.
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suggested that its consumption prevents the development of NAFLD 
(Zhou et al., 2019). Nam et al. (2018) reported that the administration 
of green tea extract to mice fed a high- fat diet decreases the degree 
of NAFLD and increases the concentration of some liver LPCs such 
an LPC (16:1), while Sasaki et al. (2019) reported a decrease in liver 
levels of LPC (18:00), in male C57BL6/J mice subjected to a high- fat 
diet. The extract of Roselle calyx is another beverage widely con-
sumed with beneficial effects; Morales- Luna et al. (2019) reported 
that the aqueous extracts of two varieties of Hibiscus sabdariffa, one 
with a high content of anthocyanins and the other without them 
but with a high content of organic acids, decreased the triglycerides 
accumulation of hepatocytes of rats fed with an HFF diet. Amaya- 
Cruz et al. (2019) reported that the administration of Roselle calyx 
reduced insulin resistance and hepatic steatosis compared with rats 
fed an HFF diet. Other plant- derived product employed is cinnamon 
(Cinnamomum zeylanicum), and it has been widely used as a food 
and beverage spreader. It was reported that an alcohol extract of 
cinnamon protects against alcohol- induced fat accumulation in the 
liver of mice (Kanuri et al., 2009). Askari et al. (2014) reported that 
supplementation with cinnamon decreased some parameters re-
lated to NAFLD, such as the HOMA index, total triglycerides, and 
protein C reactive in patients with NAFLD. Another interesting plant 
is Malabar tamarind (Garcinia gummi- gutta), and it can inhibit the 
enzyme citrate lyase, a key enzyme in the synthesis of fatty acids 
and cholesterol (Sripradha et al., 2016). It has been reported that the 
consumption of the extract of the fruit peel showed moderate- fat 
infiltrations of the hepatocytes of rats fed with high cholesterol diet 
(Ates et al., 2012). Mentha piperita extracts ameliorated the steatosis 
score in diabetic rat liver, as well as glucose, total cholesterol, and 
triacylglycerides, parameters related to the development of NAFLD 
(Fig ueroa- Pérez et al., 2015).

All these plants had improved the hepatic steatosis; however, the 
mechanisms of most of them have been little studied. Lipids, such 
as LPC, are essential molecules for biological processes as hepatic 
steatosis. Therefore, this study has the purpose to elaborate three 
functional beverages with extracts of Roselle (Hibiscus sabdariffa), 
peppermint (Mentha piperita), Malabar tamarind (Garcinia gummi- 
gutta), cinnamon (Cinnamomum zeylanicum), and green tea (Camellia 
sinensis) and determine their effects on insulin resistance and hepatic 
steatosis, as well as phospholipids regulation in an animal model fed 
a high- fat and fructose (HFF) diet.

2  | MATERIAL S AND METHODS

2.1 | Materials

Dehydrated Roselle (Hibiscus sabdariffa) calyxes and cinnamon 
(Cinnamomum zeylanicum) were purchased from local markets 
(Queretaro, Mexico), whereas peppermint (Mentha piperita) plants 
were purchased from a local plant nursery (Floraplant S.A. de C.V., 
Celaya, Guanajuato, Mexico). Green tea extract was purchased from 
Döhler S.A de C.V (Mexico City, Mexico). Malabar tamarind extract 

(Garcinia gummi- gutta) at 60% of hydroxycitric acid concentration 
was purchased from Future Foods S.A de C.V (Tlalnepantla, Mexico). 
Citric acid, sodium citrate, and potassium sorbate were purchased 
from Chemical Corporation JK S.A de C.V. (Guadalajara, Jalisco, 
Mexico).

The functional beverages used for the present study were iden-
tified as follows: beverage A (Red Roselle 2%, Green tea 1,125 g/L, 
Cinnamon 0.75 g/L, Malabar tamarind 0.8 g/L), beverage B (White 
Roselle 2%, Green tea 1,125 g/L, Cinnamon 1 g/L, Malabar tamarind 
1.125 g/L), and beverage C (Green tea 1,5 g/L, Peppermint 0.5%, 
Malabar tamarind 1.5 g/L). All the beverages contained sucralose, 
acesulfame, citric acid, and potassium sorbate. These formulations 
were previously determined by sensory analysis.

2.2 | Total polyphenol, flavonoid and anthocyanin 
content, antioxidant capacity

Total polyphenol content was determined according to Folin– 
Ciocalteu colorimetric method (Singleton & Rossi, 1965), and results 
were expressed as milligrams of gallic acid equivalents per dL (mg 
GAE dL- 1). Total flavonoid content was determined according to Liu 
and Hu (2002), and results were expressed as mg of (+)- catechin 
equivalents per dL (mg CE dL- 1). Total anthocyanins were estimated 
through the pH differential method (Lee et al., 2005), and results 
were expressed as micrograms of delphinidin- 3- glucoside equiva-
lents per dL (mg D3GE dL- 1).

Antioxidant capacity was determined by two radical- scavenging 
assays: 2,2’- azino- bis- 3- ethylbenzothiazoline- 6- sulfonic acid (ABTS) 
and 2,2- diphenyl- 1- picrylhydrazyl (DPPH) (Brand- Williams et al., 1995; 
Re et al., 1999). Results were expressed as IC50 (half maximal inhibitory 
concentration) in mg/mL.

2.3 | Treatments of animals

Male Wistar rats of 160– 180 g were acquired from the National 
Autonomous University of Mexico (Juriquilla, Queretaro, Mexico), 
and maintained at 24 ± 1°C under a 12/12 hr light/dark cycle. 
Experiments on animals were performed in accordance with the 
Animal Care and Use Protocol of the Autonomous University of 
Queretaro, as recommended by the guidelines for animal testing 
(NOM- 062- ZOO- 1999).

Groups of eight animals each were formed; the SD control group 
was fed a standard commercial diet (Rodent Lab chow 5,001, Purina 
Nutriments). The HFF control group and the three HFF- treated 
groups (beverages A, B and C) were fed with diet standard supple-
mented with 18% lard and 16% fructose. Freshly prepared beverages 
were administered ad libitum overnight to the HFF- treated groups, 
whereas tap water was administered to the control groups. After 
19 weeks, the animals were anaesthetized, and blood was recovered 
by cardiac puncture; afterward, animals were sacrificed by exsangui-
nation, livers, and adipose tissue were removed for further analysis. 
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The blood was centrifuged at 3,000 x g for 5 min to obtain the serum 
and stored at −80°C until analysis. For biochemical analysis, livers 
were snap- frozen and stored at −80ºC, whereas for histologic analy-
sis, a fraction of livers and adipose tissue were stored in 10% neutral 
buffered formalin (pH 7.4). The experimental protocol was approved 
by the Bioethics Committee, Faculty of Chemistry, Autonomous 
University of Queretaro, CBQ16/0921- 2 (Querétaro, México).

2.4 | Serum biochemical analysis

Serum glucose, triglycerides, total cholesterol, HD, LDL, AST, and ALT 
levels were measured using colorimetric commercial kits (Spinreact). 
Insulin was measured by ELISA kits (Millipore and Biosource).

2.5 | Liver tissue histological analysis

Liver tissues were embedded in paraffin, sectioned at 5 μm, and 
stained with hematoxylin and eosin (H&E) solution. Samples were 
observed and photographed at 100 and 200X, analyzing ten im-
ages per animal. Hepatic steatosis degree was classified according 
to Burt scale: grade 0:0%– 5%, grade 1:5%– 33%, grade 2:33%– 66%, 
and grade 3:66%– 100% of hepatocytes with lipid vacuoles (Burt 
et al., 1998). The diameters of the adipocytes were measured with 
the Zen software of Carl Zeiss.

2.6 | Hepatic triglycerides content

Lipids were extracted from frozen livers (100 mg) and determinate 
according to the method described by Fig ueroa- Pérez et al. (2015).

2.7 | LPC and LPE analysis

Frozen livers (50 mg) were homogenized with 50 μL of 0.15 M so-
dium chloride and 200 μL of chloroform:methanol (2:1) at 70,000 xg 
for 1 min. Afterward, samples were incubated for 60 min at −20°C 
and then were centrifuged at 11,200 xg for 5 min at 4°C, and the 
lower phases were recovered.

For the assessment of the lysophospholipids profile, an ultra- 
performance liquid chromatography (UPLC) coupled with an elec-
trospray ionization- tandem mass spectrometer (ESI- MS/MS) using 
a Xevo- TQS system® (Waters Co, USA) was used. An aliquot (1 μL) 
of hepatic lipid extract was injected in an Acquity BEH C18® (10x50 
mm, 1.7 mm) at 50°C. The solvent system (flow rate of 200 ml/min) 
used consisted of A (water containing 0.1% ammonium acetate and 
0.1% formic acid) and B (acetonitrile: isopropanol 5:2 containing 
0.1% ammonium acetate and 0.1% formic acid). Starting with 35% B, 
which was increased to 100% B in 6 min, and held for 7 min.

Mass spectrometry conditions were as follows: The source tem-
perature was set at 120°C, and nitrogen was used as desolvation 

gas (800 L/h) at 250°C. The voltages of the sampling cone and cap-
illary were 39 V and 3.2 kV, respectively. The chemical identifica-
tion was performed by the analysis of fragmentation transitions for 
the Multiple Reaction Monitoring (MRM) using MassLynx software, 
which were obtained in positive mode. A standard of LPC (16:0) 
were used as fragmentation standard.

2.8 | Statistical analysis

Data were expressed as mean values ± standard deviation. Statistical 
significance was determined by one- way ANOVA. Differences be-
tween beverages were determined by comparison of means using 
Tukey's test (p < .05) for analysis. Differences between SD control 
and HFF treated with functional beverages, as well as HFF control 
and HFF treated with functional beverages, were determined by 
mean comparison using Dunnet test (p < .05) with JMP software 
(v11.0, SAS Institute).

Lipidomics data were normalized using an internal standard. 
Multivariate statistical analysis including PCA and OPLS- DA, as 
well as heatmap, was carried out with Metaboanalyst 4.0 software 
(http://www.metab oanal yst.ca). The VIP (Variable importance in 
projection) values were determined to identify metabolites that con-
tributed significantly to group separation in the PLSDA model. After 
that, a Dunnet test (p < .05) was used to compare differences be-
tween SD control and HFF treated with functional beverages, as well 
as HFF control and HFF treated with functional beverages.

3  | RESULTS AND DISCUSSION

3.1 | Phenolic compounds content of herb- based 
beverages

Phenolic compounds are the main phytochemicals accessible in the 
diet, and they have preventive and therapeutic properties on insu-
lin resistance and hepatic steatosis (Belwal et al., 2017; Ferramosca 
et al., 2017). The healthy benefits of the plant- prepared functional 
beverages are related to their phytochemical composition, and 
mostly to its polyphenolic content and antioxidant capacity. The 
total polyphenols compounds were measured, beverage B gave the 
foremost value, showing a concentration up to 26.3% higher than 
beverage A (p < .05). Regarding to the flavonoids content, beverage 
C presented the highest values best up to 32.15% compared to bev-
erage A (p < .05). Meanwhile, the anthocyanins were quantified only 
in beverage A (Table 1). The beverages reported in this paper are a 
good source of these phytochemicals, and all contain a high quan-
tity of total polyphenols and flavonoids because the plants (Roselle, 
green tea, peppermint, and cinnamon) used to prepare them are rich 
in these compounds. The elevated concentration of total polyphe-
nolic compounds by the B beverage is due to white Roselle, and it has 
a greater concentration of these compounds compare to red Roselle 
(Morales- Luna et al., 2019). In addition, it contains green tea extract, 

http://www.metaboanalyst.ca
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which increased the concentration of them. Meanwhile, beverage C 
contains green tea extract and peppermint, its plants present more 
total polyphenols compounds content than Roselle, 37.6 and 26.1 
1mg GAE mL- 1 and flavonoids 51.3 and 22.6 mg CE mL- 1. Beverage 
A was the only one with anthocyanin, due to the addition of red 
Roselle.

As mentioned, one possible mechanism to describe the benefi-
cial effects of the plant- based functional beverages is through their 
antioxidant capacity. It was determined by two methods (Table 1). 
The results are reported as the mean inhibitory concentration 
(IC50), which establishes the concentration of a substance neces-
sary to inhibit the formation of the ABTS+ or DPPH• radicals by 
50%. Thus, lower IC50 values reflect a greater antioxidant capacity 
of beverages. According to the results, beverage B presented the 
highest antioxidant capacity for both assays, and these results are 
related to its major content of total polyphenols. Oxidative stress, 
the imbalance between free radicals and antioxidants, is a condi-
tion known associated with pathological processes such as diabe-
tes, and hepatic steatosis (Fernández- Sánchez et al., 2011). One of 
the major benefits of the consumption of natural products is the 
increase in the intake of phytochemicals with antioxidant proper-
ties. This fact contributes to limit the damage induced by the oxida-
tive stress, produced by the hypercaloric diets through decoupling 
the cell- oxidative metabolism, increasing reactive oxygen species 
(ROS), causing mitochondrial dysfunction which has been proposed 
as one of the first characteristics present in patients with NAFLD 
(Masarone et al., 2018).

3.2 | Hepatic steatosis

The main objective of this work was the formulation of functional 
beverages for the treatment of hepatic steatosis, and the three bev-
erages were tested in an animal model of HFF diet. The presence of 
steatosis was determined by an increase in the accumulation of fat 
in the liver. Such elevation was detected through a direct estimation 
of the triglycerides in the liver and liver histopathologic analysis. The 
HFF control group presented 3.3 times more triglycerides concen-
tration in the liver than the SD control group (Figure 1a). The group 

fed with HFF diet and supplemented with any of the functional 
beverages showed a decrease in their triglycerides concentration, 
being group B + HFF the one that presented a greater decrease with 
30.1%, followed by group C + HFF and A + HFF with a decrease of 
25.2% and % 23.3% respectability (Figure 1a).

The changes in liver triglycerides content can be appreciated in 
the histological analysis showed in Figure 1b. The liver tissue from 
the SD control group does not present accumulation of lipids, nor 
the groups fed the same diet but supplemented with any of the 
functional beverages, and they were classified as grade 0 according 
to the Burt classification. The obese group shows vacuoles within 
the hepatocytes, being classified as grade 3, with vacuoles of fat in 
more than 66% of hepatocytes (Figure 1b). The group that consumed 
the beverage C was classified as grade 1 (<33% of hepatocytes with 
vacuoles). The groups that consumed the beverage A and B, the 
steatosis, were classified as grade 2 (33%– 66% of hepatocytes with 
vacuoles) (Figure 1b). The triglyceride concentration in the groups 
HFF diet and beverages decreased, and it can be due to a lower ab-
sorption of triglycerides from the diet, a decrease in de novo synthe-
sis or an increase in β- oxidation. It has been reported that various 
compounds such as anthocyanins, catechins, epigallocatechin gal-
late, and curcumin can activate AMPK, and the active enzyme inhib-
its lipogenesis and increases β- oxidation, which causes an inhibition 
in the accumulation of triglycerides in the liver (Kim et al., 2016). 
Another mechanism associated with the consumption of green tea 
in the improvement of NAFLD is to decrease the absorption of lipids 
from the diet (Xia et al., 2019).

The aspartate aminotransferase (AST) is an intracellular enzyme 
abundant in organs such as the heart and liver that catalyzes the 
reversible transfer of an amino group. Its high serum concentra-
tion is not specific for liver damage but suggests possible damage. 
Therefore, other enzymes such as the alanine aminotransferase 
(ALT) are measured, and this enzyme also transfers amino groups. 
Increased serum ALT is more specific and indicative of possible liver 
damage (Bayard et al., 2006).

In this study, we measured the activity of both AST and ALT en-
zymes. The activity of the AST increased slightly (1.2 times) in the 
animals consuming the HFF diet (Table 2). The animals fed with the 
HFF diet and consuming the beverages showed activities like the SD 

Assay Beverage

A B C

Total phenols1 84.38 ± 0.37c 114.51 ± 2.16a 96.67 ± 1.92b

Total flavonoids2 8.61 ± 0.8c 10.43 ± 0.7b 12.69 ± 1.4a

Total anthocyanin3 24.21 ± 1.3 LDL LDL

DPPH•4 13.5 ± 1.1a 8.9 ± 0.8b 9.2 ± 0.5b

ABTS•+4 11.4 ± 0.3a 9.6 ± 0.6b 10.4 ± 0.6ab

Note: Values were expressed as 1mg GAE dL- 1, 2mg CE dL- 1, 3mg D3GE dL- 1 y 4maximum effective 
concentration (IC50; mg/mL). Data are expressed as mean ± standard deviation (n = 3). Different 
letters indicate significant statistical difference (p < .05), with the Tukey- Kramer test.
Abbreviations: CE, catechin equivalents; D3GE, delphinidin- 3- glucoside equivalents; GAE, gallic 
acid equivalents.

TA B L E  1   Total polyphenolic content 
and antioxidant activity of functional 
beverages



     |  1965RUBIO- RODRÍGUEZ Et al.

control animals (Table 2). In relation to ALT, the group fed with the 
HFF diet exhibited an activity 2.7 greater than the SD control group. 
The animals under HFF diet that consumed the beverages A or B 
improved the levels of the enzyme in serum, although they did not 
return to the basal levels; beverage C did not change the amount of 
circulating enzyme (Table 2). An unexpected result was the increase 
in the activity of ALT in serum in the animals fed with SD diet and 
consuming any of the beverages (Table 2).

Sanyal et al. (2015) reported a significant increase in AST and 
ALT in patients with NAFLD and insulin resistance compared to 
healthy patients, showing an increase of ALT, similar to our results. 

All functional beverages contained green tea extract, being bever-
age C the one with the major proportion, and this group showed 
the foremost value of ALT activity. Despite the reported benefits 
for green tea, it has been shown that high concentrations (approx-
imately 1,300 mg total tea catechins, 800 mg EGCG) could induce 
liver damage, increasing ALT activity due to the pro- oxidant prop-
erty of tea catechins (Yu et al., 2017). Link up, it has reported that 
extract of Hibiscus sabdariffa reduced the activities of AST and ALT 
in the liver of diabetic rats, and this effect was partly related to its 
antioxidant activity associated with its flavonoids content (Adeyemi 
et al., 2014).

F I G U R E  1   Effect of functional beverages on liver lipids. (a) quantification of liver triglycerides Data are expressed as mean ± standard 
deviation (n = 8). *Indicate statistical difference (p < .05) as compared to the SD control by Dunnet test. Ꞩ Indicate statistical difference 
(p < .05) between HFF control and groups HFF treated with beverages by Dunnet test. (b) Liver tissue microphotography stained with 
hematoxylin and eosin. SD, group fed with standard diet and HFF, group fed with high fat and fructose



1966  |     RUBIO- RODRÍGUEZ Et al.

3.3 | Lipid profile and insulin resistance

The consumption of diets high in fat and fructose induced a state of 
dyslipidemia characterized by high triglycerides, and LDL and low 
HDL levels in serum (Steinberger et al., 2009). Due to the lipolytic 
activity of visceral adipose tissue, free fatty acids increase in the 
blood stream, which are transported to the liver, thus increasing tri-
glyceride synthesis.

As expected, the administration of an HFF diet to the rats in-
duced an increase in the number of triglycerides in serum (Table 2), 
and the HFF- fed animals had 28% more triglyceride than the SD 
control. Regard the groups consuming the beverages, they did not 
exhibit differences with any of the diets (Table 2). The exception was 
the group under HFF diet and consuming beverage C, and they pre-
sented a reduction of around 13%. Consumption of Roselle extract 
in different animal models and clinical studies was reported to influ-
ence the serum triglyceride levels, mainly attributed to compounds 
such as anthocyanins and protocatechuic acid (Da- Costa- Rocha 
et al., 2014). However, the effect seems to be related to the con-
centration of flavonoids, where beverage C has the major concen-
tration of these phytochemicals, and it presented a decrease in the 
triglyceride levels; these compounds can decrease lipogenesis and 
increase ß- oxidation. Additionally, it has been reported that they can 
inhibit the enzyme pancreatic lipase in a competitive way, thus re-
ducing lipid absorption (Rahim et al., 2015).

The groups fed standard diet and supplemented with any of 
the functional beverages increased the serum quantities of HDL 
(Table 2). These numbers are commonly modified by HFF diets, 
and the control animals fed with this diet diminished the amount 
by around 30%. The groups consuming the beverages and fed with 
the HFF diet exhibited HDL numbers like the HFF control. Only the 

group under HFF diet and consuming beverage C shown an increase 
compared to the SD diet control group (Table 2). The increase in this 
parameter may be related to the higher concentration of flavonoids 
in beverage C, resulting from a higher concentration of green tea 
(33%) and to the addition of peppermint extract to beverage C, 
plants rich in flavonoids, compounds related to increased expression 
and activity of the enzyme paraoxonase 1 (PON1), which has been 
reported to increase HDL levels (Litvinov et al., 2012; Lou- Bonafonte 
et al., 2015). For total and LDL cholesterol, no differences were ob-
served in any of the groups.

TA B L E  2   Effect of the consumption of functional beverages on serum lipid profile, triglycerides, and liver function enzymes activity in 
HFF- diet- fed obese rats

Parameters

Experimental group AST1 ALT1 Triglycerides2 HDL2 LDL2
Total 
cholesterol2

SD

Control 28.7 ± 3.2 15.1 ± 6.3 103.52 ± 8.3 28.77 ± 5.1 13.17 ± 2.2 149.9 ± 6.3

A + SD 26.0 ± 4.4 19.4 ± 1.9* 98.38 ± 9.5 30.19 ± 5.9 15.23 ± 1.5 156.5 ± 11.3

B + SD 25.4 ± 2.9 21.3 ± 4.6* 96.80 ± 9.8 35.63 ± 7.4 14.95 ± 2.0 141.8 ± 16.3

C + SD 31.2 ± 5.4 25.6 ± 5.8* 99.49 ± 12.4 33.68 ± 7.9 14.42 ± 2.7 144.3 ± 11.7

HFF

Control 34.6 ± 2.5 40.9 ± 6.0* 133.08 ± 20.2* 20.07 ± 6.0 18.74 ± 2.7 141.7 ± 10.5

A + HFF 24.4 ± 3.6Ꞩ 33.6 ± 7.8* 127.47 ± 22.2* 19.44 ± 5.7* 16.11 ± 1.5 151.0 ± 10.9

B + HFF 29.5 ± 4.3 30.9 ± 4.2*,Ꞩ 120.98 ± 13.6 23.65 ± 6.7 15.33 ± 1.8 147.9 ± 14.6

C + HFF 27.5 ± 5.9 38.5 ± 6.5* 115.15 ± 15.9 33.92 ± 7.5Ꞩ 16.97 ± 0.9 153.3 ± 13.5

Note: Values are expressed as 1UL- 1 and 2mg dl- 1. Data are expressed as mean ± standard deviation (n = 8). *Indicate statistical difference (p < .05) as 
compared to the SD control between beverages treated with SD, by Dunnet test. Ꞩ Indicate statistical difference (p < .05) between HFF control and 
groups HFF treated with beverages by Dunnet test.
Abbreviations: HFF, high fat and fructose; SD, standard diet.

TA B L E  3   Effect of the consumption of functional beverages on 
glucose, insulin, HOMA index in rats fed with HFF

Beverage

Parameter

Glucose1 Insulin2 HOMA- IR

Healthy control 112.64 ± 10.3 1.80 ± 0.5 12.1 ± 3.3

A + SD 125.31 ± 21.9 1.93 ± 0.7 17.3 ± 2.9

B + SD 110.03 ± 17.6 2.36 ± 0.3 14.2 ± 4.8

C + SD 115.54 ± 9.1 1.79 ± 0.6 12.5 ± 4.0

HFF control 139.70 ± 26.0 5.74 ± 1.0* 38.7 ± 5.9*

A + HFF 133.91 ± 21.5 4.15 ± 1.0*,Ꞩ 29.5 ± 4.5 *,Ꞩ

B + HFF 132.09 ± 22.1 3.23 ± 0.8*,Ꞩ 19.9 ± 4.4Ꞩ

C + HFF 129.44 ± 17.5 2.95 ± 0.7Ꞩ 24.4 ± 5.4*,Ꞩ

Note: Values are expressed as 1mg dl- 1, and 2ng ml- 1. Data are expressed 
as mean ± standard deviation (n = 8). *Indicate statistical difference 
(p < .05) as compared to the SD control by Dunnet test. Ꞩ Indicate 
statistical difference (p < .05) between HFF control and groups HFF 
treated with beverages by Dunnet test.
Abbreviations: HFF, group fed with high fat and fructose; SD, group fed 
with standard diet.
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F I G U R E  2   Multivariate analysis of liver lysophospholipids of rats fed with HFF and treated with functional beverages. Heat map (a), 
PCA plots analysis (b), and PLSDA plots analysis (c). Data analysis (n = 5). SD, group fed standard diet and HFF, group fed with high fat and 
fructose



1968  |     RUBIO- RODRÍGUEZ Et al.

Changes in the concentration of serum- circulating glucose are one 
of the early indicators of an altered metabolism and health stage in 
animals fed with an HFF diet. In the present study, the obese control 
group presented a 22.4% higher glucose concentration than the healthy 
control group (Table 3). The consumption of the functional beverages, 
independently of the diet, did not present differences to their control 
group (Table 2). The regulation of circulating glucose in serum is tightly 
regulated, an increase in glucose stimulates the secretion of insulin by 
the pancreas. Analogous to the increase in glucose, the quantity of cir-
culating insulin increased up to 318% in group- fed HFF and the three 
functional beverages improved this parameter (27.7%– 48.6%), being 
the beverage C who gives the best effect (Table 3).

A sustained stimulation of the secretion of insulin eventu-
ally conducts to an insulin resistance stage. The estimate of the 

HOMA index gives an approximate value of this condition. The 
groups consuming standard diet and consuming any of the three 
functional beverages gave similar HOMA values (Table 3). The 
consumption of HFF diet increased 3 times this value in the con-
trol group. The inclusion of the functional beverages prevents, 
partially, the increase up to 50% in the group consuming bever-
age B (Table 3). Insulin resistance is an important parameter that 
has been related to the development of steatosis, and 70%- 80% 
of patients with obesity and diabetes have this condition (Kitade 
et al., 2017). Oxidative stress has been recognized as a key point 
to understand the development of this resistance, during the con-
sumption of hypercaloric diets, different reactive oxygen species 
(ROS) are generated that can alter the organism's homeostasis 
through different routes such as: alteration of insulin receptor 

F I G U R E  3   Lysophospholipids 
identified based on VIP scores in liver 
of rats fed with HFF and functional 
beverages. Partial least squares 
discriminant analysis [PLSDA] variable 
importance in projection [VIP] plot in liver 
(a), and Intensities of lysophospholipids 
(VIP > 1.2) in liver (b). Data analysis 
(n = 5). SD, group fed with standard diet 
and HFF, group fed with high fat and 
fructose. *Indicate statistical difference 
(p < .05) as compared to the SD control by 
Dunnet test
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signaling (Hurrle & Hsu, 2017). Therefore, the consumption of 
beverages could be decreasing the formation of ROS, with bever-
age B having the highest antioxidant capacity and the greatest in 
improving insulin sensitivity.

3.4 | LPC and LPE analysis

High levels of some phospholipids have been associated with stea-
tosis development; therefore, an analysis of some LPCs and LPEs 
was performed in this study. After UPLC MS/MS analysis, 15 dif-
ferent LPCs and 9 LPE were identified; subsequently, a multivari-
ate analysis was performed on the MetaboAnalyst platform. The 
data were clustered and visualized in a heatmap, and it shows the 
differences between the experimental groups and their associa-
tion according to an analysis of ANOVA and Euclidean distance. 
In Figure 2a, two main clusters were detected, one that included 
the groups fed with HFF, and other fed with SD diet and a group 
fed with HFF consuming beverage C. Interestingly, beverage con-
sumption separates groups into a second cluster; animals fed with 
SD, A + SD and C + SD, another group that includes animals fed 
with B + SD, and C + HFF; finally, the group formed by B + SD and 
C + HFF.

Similar placement was observed for animals fed with SD, in 
agreement to previous results; therefore, the next analysis of these 
groups is not presented.

The multivariate analyses only were performed between the 
control groups and the groups with HFF diet and beverages. As 
a first step, we carry out a Principal Components Analysis (PCA) 
and multivariate technique and allow to visualize the variation and 
separation between the databases of experimental groups (Groth 
et al., 2013). The 82% of total of variance into the groups were 
represented by the first two principal components (PCs), where 
principal component 1 (PC1) and PC2 explained 6% and 76.8% 
of the variance, respectively (Figure 2b). The SD and HFF control 
groups are separated into different clusters, and the treated HFF 
groups are found between the clusters of the control groups, and 
the clusters of beverage B and C were closer to the SD control, and 
beverage A group closest to HFF control cluster. To discriminate 
the groups and explore the lysophospholipids more relevant in the 
study, a Partial Least Squares Discriminant Analysis (PLSDA) was 
performed. Comparable to PCA analysis, PLSDA shows a clusters 
separation between control groups, the cluster belonging to the 
group that consumed the beverage C was closer to the SD group, 
followed by beverage B (Figure 2c).

The statistical significance of the PLSDA classification model 
was assessed using a permutation test (100) with p < .01. Variable 
importance in projection (VIP) values are determined as a measure of 
the importance of each variable in the PLSDA model. The VIP scores 
show significant changes, and the LPCs saturated and unsaturated 
were higher in HFF control compared to SD control, an exception 
LPC 20:3. The group treated with beverages C had lower levels of 
these phospholipids, followed by beverages B (Figure 3a).

In addition, in this model 6 metabolites with VIP > 1.2 were 
identified: LysoPC (20:2), LysoPC (16:0), LysoPC (14:0), LysoPE 
(18:0), LysoPC (15:0), and LysoPC (20:1), and these compounds 
are mainly those that allow the separation in clusters of the ex-
perimental groups, and the change in the VIP score between the 
groups according to each molecule is shown in Figure 3b. It is 
observed that the animal fed with HFF diet increases the abun-
dance of these compounds compared to the group fed with SD 
diet. By consuming the beverages, this effect is counteracted by 
decreasing the abundance, an effect marked mainly by beverage 
C, followed by beverage B. LPC and LPE are important signaling 
molecules involved in different processes such as inflammation 
and cell proliferation.

LPC is produced from phosphatidylcholine by hydrolysis with 
phospholipase A2 (PLA2), which removes one of the fatty acids. LPC 
is also formed by lecithin- cholesterol acyltransferase activity caused 
by the increase of free fatty acids (FFA), produced by lipolysis. LPC- 
induced lipoapoptosis in hepatocytes, ER stress, and inflammation 
producing NASH (Hirsova et al., 2016).

To our knowledge, there are no PLC regulation studies 
induced by phenolic compounds; however, for drugs, Yang 
et al. (2018) evaluated the administration of pioglitazone, agonist 
of PPAR in Male Otsuka Long- Evans Tokushima Fatty and they 
observed that this drug improves the degree of hepatic steato-
sis, decreasing various LPCs, and this effect was associated with 
lower enzymatic activity of PLA2. Taken together, these data in-
dicate that beverages significantly prevent HFF diet- induced me-
tabolite changes.

4  | CONCLUSIONS

The consumption of natural beverages had a hepatoprotective ef-
fect, decreasing the degree of steatosis, being the beverages B and 
C, those with the significant effect, and both contain green tea and 
garcinia, being different for those beverages with red Roselle and 
the lowest content of garcinia compared to other beverages. The 
protection for steatosis was associated with an improve of insulin 
resistance and a decrease in the lysophosphatidylcholine content, 
principally for beverages C and B.

CONFLIC T OF INTERE S T
Rubio- Rodríguez Julio C, Reynoso- Camacho Rosalia, Rocha Guzmán 
Nuria, and Salgado Luis M. declare that they do not have any con-
flict of interest. Experiments on animals were performed in accord-
ance with the Animal Care and Use Protocol of the Autonomous 
University of Queretaro, as recommended by the guidelines for ani-
mal testing (NOM- 062- ZOO- 1999).

ORCID
Rosalia Reynoso- Camacho  https://orcid.
org/0000-0002-7223-0062 
Luis M. Salgado  https://orcid.org/0000-0001-7224-2218 

https://orcid.org/0000-0002-7223-0062
https://orcid.org/0000-0002-7223-0062
https://orcid.org/0000-0002-7223-0062
https://orcid.org/0000-0001-7224-2218
https://orcid.org/0000-0001-7224-2218


1970  |     RUBIO- RODRÍGUEZ Et al.

R E FE R E N C E S
Adeyemi, D. O., Ukwenya, V. O., Obuotor, E. M., & Adewole, S. O. 

(2014). Anti- hepatotoxic activities of Hibiscus sabdariffa L. in ani-
mal model of streptozotocin diabetes- induced liver damage. BMC 
Complementary and Alternative Medicine, 14, 277. https://doi.
org/10.1186/1472- 6882- 14- 277

Amaya- Cruz, D., Peréz- Ramírez, I. F., Pérez- Jiménez, J., Nava, G. M., 
& Reynoso- Camacho, R. (2019). Comparison of the bioactive po-
tential of Roselle (Hibiscus sabdariffa L.) calyx and its by- product: 
Phenolic characterization by UPLC- QTOF MSE and their anti- obesity 
effect in vivo. Food Research International, 126, 108589. https://doi.
org/10.1016/j.foodr es.2019.108589

Anstee, Q., McPherson, S., & Day, C. (2011). How big a problem is 
non- alcoholic fatty liver disease? The BMJ, 343, d3897. https://doi.
org/10.1136/bmj.d3897

Aray, J., Rodrigo, R., Videla, L. A., Thielemann, L., Orellana, M., Pettinelli, 
P., & Poniachik, J. (2004). Increase in long- chain polyunsaturated 
fatty acid n- 6/n- 3 ratio in relation to hepatic steatosis in patients 
with non- alcoholic fatty liver disease. Clinical Science, 106(6), 635– 
643. https://doi.org/10.1042/CS200 30326

Askari, F., Rashidkhani, B., & Hekmatdoost, A. (2014). Cinnamon may 
have therapeutic benefits on lipid profile, liver enzymes, insulin re-
sistance, and high- sensitivity C- reactive protein in nonalcoholic fatty 
liver disease patients. Nutrition Research, 34(2), 143– 148. https://doi.
org/10.1016/j.nutres.2013.11.005

Ates, A., Esen, F., Bilal, T., & Altmer, A. (2012). Effect of dietary 
Garcinia cambogia extract on serum lipid profile and serum en-
zymes in rats fed high- lipid diet. Iranian Journal of Veterinary 
Research, 13(1), 1– 7.

Bayard, M., Holt, J., & Boroughs, E. (2006). Nonalcoholic fatty liver dis-
ease. American Family Physician, 73(11), 1961– 1968.

Belwal, T., Nabavi, S. F., Nabavi, S. M., & Habtemariam, S. (2017). Dietary 
anthocyanins and insulin resistance: When food becomes a medi-
cine. Nutrients, 9(10), 1111. https://doi.org/10.3390/nu910 1111

Brand- Williams, W., Cuvelier, M. E., & Berset, C. (1995). Use of a free 
radical method to evaluate antioxidant activity. Journal of Food 
Science and Technology, 28, 25– 30. https://doi.org/10.1016/S0023 
- 6438(95)80008 - 5

Burt, A. D., Mutton, A., & Day, C. P. (1998). Diagnosis and interpretation 
of steatosis and steatohepatitis. Seminars in Diagnostic Pathology, 
15(4), 246– 258.

Da- Costa- Rocha, I., Bonnlaender, B., Sievers, H., Pischel, I., & Heinrich, 
M. (2014). Hibiscus sabdariffa L. -  a phytochemical and pharmacolog-
ical review. Food Chemistry, 165, 424– 443. https://doi.org/10.1016/j.
foodc hem.2014.05.002

Fernández- Sánchez, A., Madrigal- Santillán, E., Bautista, M., Esquivel- 
Soto, J., Morales- González, A., Esquivel- Chirino, C., Durante- 
Montiel, I., Sánchez- Rivera, G., Valadez- Vega, C., & Morales- 
González, J. A. (2011). Inflammation, oxidative stress, and obesity. 
International Journal of Molecular Sciences, 12(5), 3117– 3132. https://
doi.org/10.3390/ijms1 2053117

Ferramosca, A., Di Giacomo, M., & Zara, V. (2017). Antioxidant dietary 
approach in treatment of fatty liver: New insights and updates. 
World Journal of Gastroenterology, 23(23), 4146– 4157. https://doi.
org/10.3748/wjg.v23.i23.4146

Figueroa- Pérez, M. G., Gallegos- Corona, M. A., Ramos- Gomez, M., & 
Reynoso- Camacho, R. (2015). Salicylic acid elicitation during culti-
vation of the peppermint plant improves anti- diabetic effects of its 
infusions. Food & Function, 6(6), 1865– 1874. https://doi.org/10.1039/
c5fo0 0160a

Groth, D., Hartmann, S., Klie, S., & Selbig, J. (2013). Principal components 
analysis. Methods in Molecular Biology (Clifton. N.J.), 930, 527– 547. 
https://doi.org/10.1007/978- 1- 62703 - 059- 5_22

Hirsova, P., Ibrahim, S. H., Gores, G. J., & Malhi, H. (2016). Lipotoxic lethal 
and sublethal stress signaling in hepatocytes: Relevance to NASH 

pathogenesis. Journal of Lipid Research, 57(10), 1758– 1770. https://
doi.org/10.1194/jlr.R066357

Hurrle, S., & Hsu, W. H. (2017). The etiology of oxidative stress in in-
sulin resistance. Biomedical Journal, 40(5), 257– 262. https://doi.
org/10.1016/j.bj.2017.06.007

Kanuri, G., Weber, S., Volynets, V., Spruss, A., Bischoff, S. C., & Bergheim, 
I. (2009). Cinnamon extract protects against acute alcohol- induced 
liver steatosis in mice. The Journal of Nutrition, 139(3), 482– 487. 
https://doi.org/10.3945/jn.108.100495

Kim, J., Yang, G., Kim, Y., Kim, J., & Ha, J. (2016). AMPK activators: 
Mechanisms of action and physiological activities. Experimental 
& Molecular Medicine, 48(4), e224. https://doi.org/10.1038/
emm.2016.16

Kitade, H., Chen, G., Ni, Y., & Ota, T. (2017). Nonalcoholic fatty liver 
disease and insulin resistance: New insights and potential new treat-
ments. Nutrients, 9(4), 387. https://doi.org/10.3390/nu904 0387

Lee, J., Durst, R. W., Wrolstad, R. E., Eisele, T., Giusti, M. M., Hach , J., 
Hofsommer, H., Koswig, S., Krueger, D. A., Kupina;, S., Martin, S. K., 
Martinsen, B. K., Miller, T. C., Paquette, F., Ryabkova, A., Skrede, G., 
Trenn, U., & Wightman, J. D. (2005). Determination of total mono-
meric anthocyanin pigment content of fruit juices, beverages, natural 
colorants, and wines by the pH differential method: Collaborative 
study. Journal of AOAC International, 88, 1269– 1278. https://doi.
org/10.1093/jaoac/ 88.5.1269

Litvinov, D., Mahini, H., & Garelnabi, M. (2012). Antioxidant and anti- 
inflammatory role of paraoxonase 1: Implication in arteriosclerosis 
diseases. North American Journal of Medical Sciences, 4(11), 523– 532. 
https://doi.org/10.4103/1947- 2714.103310

Liu, Y., & Hu, M. (2002). Absorption and metabolism of flavonoids in the 
caco- 2 cell culture model and a perused rat intestinal model. Drug 
Metabolism and Disposition: The Biological Fate of Chemicals, 30(4), 
370– 377. https://doi.org/10.1124/dmd.30.4.370

Lou- Bonafonte, J. M., Gabás- Rivera, C., Navarro, M. A., & Osada, J. 
(2015). PON1 and Mediterranean Diet. Nutrients, 7(6), 4068– 4092. 
https://doi.org/10.3390/nu706 4068

Masarone, M., Rosato, V., Dallio, M., Gravina, A. G., Aglitti, A., 
Loguercio, C., Federico, A., & Persico, M. (2018). Role of oxida-
tive stress in pathophysiology of nonalcoholic fatty liver disease. 
Oxidative Medicine and Cellular Longevity, 2018, 9547613. https://doi.
org/10.1155/2018/9547613

Morales- Luna, E., Pérez- Ramírez, I. F., Salgado, L. M., Castaño- Tostado, 
E., Gómez- Aldapa, C. A., & Reynoso- Camacho, R. (2019). The main 
beneficial effect of roselle (Hibiscus sabdariffa) on obesity is not only 
related to its anthocyanin content. Journal of the Science of Food and 
Agriculture, 99(2), 596– 605. https://doi.org/10.1002/jsfa.9220

Nam, M., Choi, M. S., Choi, J. Y., Kim, N., Kim, M. S., Jung, S., Kim, J., 
Ryu, D. H., & Hwang, G. S. (2018). Effect of green tea on hepatic 
lipid metabolism in mice fed a high- fat diet. The Journal of Nutritional 
Biochemistry, 51, 1– 7. https://doi.org/10.1016/j.jnutb io.2017.09.002

Rahim, A., Takahashi, Y., & Yamaki, K. (2015). Mode of pancreatic lipase 
inhibition activity in vitro by some flavonoids and non- flavonoid 
polyphenols. Food Research International., 75, 289– 294. https://doi.
org/10.1016/j.foodr es.2015.05.017

Re, R., Pellegrini, N., Proteggente, A., Pannala, A., Yang, M., & Rice- Evans, 
C. (1999). Antioxidant activity applying an improved ABTS radical 
cation decolorization assay. Free Radical Biology & Medicine, 26(9– 10), 
1231– 1237. https://doi.org/10.1016/s0891 - 5849(98)00315 - 3

Sanyal, D., Mukherjee, P., Raychaudhuri, M., Ghosh, S., Mukherjee, S., & 
Chowdhury, S. (2015). Profile of liver enzymes in non- alcoholic fatty 
liver disease in patients with impaired glucose tolerance and newly 
detected untreated type 2 diabetes. Indian Journal of Endocrinology 
and Metabolism, 19(5), 597– 601. https://doi.org/10.4103/223
0- 8210.163172

Sasaki, G. Y., Li, J., Cichon, M. J., Riedl, K. M., Kopec, R. E., & Bruno, R. S. 
(2019). Green tea extract treatment in obese mice with nonalcoholic 

https://doi.org/10.1186/1472-6882-14-277
https://doi.org/10.1186/1472-6882-14-277
https://doi.org/10.1016/j.foodres.2019.108589
https://doi.org/10.1016/j.foodres.2019.108589
https://doi.org/10.1136/bmj.d3897
https://doi.org/10.1136/bmj.d3897
https://doi.org/10.1042/CS20030326
https://doi.org/10.1016/j.nutres.2013.11.005
https://doi.org/10.1016/j.nutres.2013.11.005
https://doi.org/10.3390/nu9101111
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/j.foodchem.2014.05.002
https://doi.org/10.1016/j.foodchem.2014.05.002
https://doi.org/10.3390/ijms12053117
https://doi.org/10.3390/ijms12053117
https://doi.org/10.3748/wjg.v23.i23.4146
https://doi.org/10.3748/wjg.v23.i23.4146
https://doi.org/10.1039/c5fo00160a
https://doi.org/10.1039/c5fo00160a
https://doi.org/10.1007/978-1-62703-059-5_22
https://doi.org/10.1194/jlr.R066357
https://doi.org/10.1194/jlr.R066357
https://doi.org/10.1016/j.bj.2017.06.007
https://doi.org/10.1016/j.bj.2017.06.007
https://doi.org/10.3945/jn.108.100495
https://doi.org/10.1038/emm.2016.16
https://doi.org/10.1038/emm.2016.16
https://doi.org/10.3390/nu9040387
https://doi.org/10.1093/jaoac/88.5.1269
https://doi.org/10.1093/jaoac/88.5.1269
https://doi.org/10.4103/1947-2714.103310
https://doi.org/10.1124/dmd.30.4.370
https://doi.org/10.3390/nu7064068
https://doi.org/10.1155/2018/9547613
https://doi.org/10.1155/2018/9547613
https://doi.org/10.1002/jsfa.9220
https://doi.org/10.1016/j.jnutbio.2017.09.002
https://doi.org/10.1016/j.foodres.2015.05.017
https://doi.org/10.1016/j.foodres.2015.05.017
https://doi.org/10.1016/s0891-5849(98)00315-3
https://doi.org/10.4103/2230-8210.163172
https://doi.org/10.4103/2230-8210.163172


     |  1971RUBIO- RODRÍGUEZ Et al.

steatohepatitis restores the hepatic metabolome in association 
with limiting endotoxemia- TLR4- NFκB- mediated inflammation. 
Molecular Nutrition & Food Research, 63(24), e1900811. https://doi.
org/10.1002/mnfr.20190 0811

Singleton, V., & Rossi, J. (1965). Colorimetry of total phenolics with 
phosphomolybdic- phosphotungstic acid reagents. American Journal 
of Enology and Viticulture, 16, 144– 158.

Sripradha, R., Sridhar, M. G., & Maithilikarpagaselvi, N. (2016). 
Antihyperlipidemic and antioxidant activities of the ethanolic ex-
tract of Garcinia cambogia on high fat diet- fed rats. Journal of 
Complementary & Integrative Medicine, 13(1), 9– 16. https://doi.
org/10.1515/jcim- 2015- 0020

Steinberger, J., Daniels, S. R., Eckel, R. H., Hayman, L., Lustig, R. 
H., McCrindle, B., & Mietus- Snyder, M. L. (2009). Progress and 
challenges in metabolic syndrome in children and adolescents. 
Circulation, 119(4), 628– 647. https://doi.org/10.1161/CIRCU LATIO 
NAHA.108.191394

Xia, Y., Wang, X., Zhang, S., Zhang, Q., Liu, L., Meng, G., Wu, H., Bao, X., Gu, 
Y., Sun, S., Wang, X., Zhou, M., Jia, Q., Song, K., Wu, Q., Niu, K., & Zhao, 
Y. (2019). Daily tea drinking is not associated with newly diagnosed 
non- alcoholic fatty liver disease in Chinese adults: The Tianjin chronic 
low- grade systemic inflammation and health cohort study. Nutrition 
Journal, 18(1), 71. https://doi.org/10.1186/s1293 7- 019- 0502- y

Yang, H., Suh, D. H., Kim, D. H., Jung, E. S., Liu, K. H., Lee, C. H., & Park, 
C. Y. (2018). Metabolomic and lipidomic analysis of the effect of pi-
oglitazone on hepatic steatosis in a rat model of obese Type 2 diabe-
tes. British Journal of Pharmacology, 175(17), 3610– 3625. https://doi.
org/10.1111/bph.14434

Younossi, Z. M., Golabi, P., de Avila, L., Paik, J. M., Srishord, M., Fukui, 
N., Qiu, Y., Burns, L., Afendy, A., & Nader, F. (2019). The global 

epidemiology of NAFLD and NASH in patients with type 2 diabetes: 
A systematic review and meta- analysis. Journal of Hepatology, 71(4), 
793– 801. https://doi.org/10.1016/j.jhep.2019.06.021

Yu, Z., Samavat, H., Dostal, A. M., Wang, R., Torkelson, C. J., Yang, C. 
S., Butler, L. M., Kensler, T. W., Wu, A. H., Kurzer, M. S., & Yuan, J. 
M. (2017). Effect of green tea supplements on liver enzyme eleva-
tion: Results from a randomized intervention study in the United 
States, 10(10), 571– 579. Cancer Prevention Research, 10(10), 571– 579. 
https://doi.org/10.1158/1940- 6207.CAPR- 17- 0160

Zhang, X., Ji, X., Wang, Q., & Li, J. Z. (2018). New insight into inter- organ 
crosstalk contributing to the pathogenesis of non- alcoholic fatty 
liver disease (NAFLD). Protein & Cell, 9(2), 164– 177. https://doi.
org/10.1007/s1323 8- 017- 0436- 0

Zhou, J., Ho, C. T., Long, P., Meng, Q., Zhang, L., & Wan, X. (2019). 
Preventive efficiency of green tea and its components on nonalco-
holic fatty liver disease. Journal of Agricultural and Food Chemistry, 
67(19), 5306– 5317. https://doi.org/10.1021/acs.jafc.8b05032

How to cite this article: Rubio- Rodríguez JC, 
Reynoso- Camacho R, Rocha- Guzmán N, Salgado LM. 
Functional beverages improve insulin resistance and hepatic 
steatosis modulating lysophospholipids in diet- induced obese 
rats. Food Sci Nutr. 2021;9:1961– 1971. https://doi.
org/10.1002/fsn3.2162

https://doi.org/10.1002/mnfr.201900811
https://doi.org/10.1002/mnfr.201900811
https://doi.org/10.1515/jcim-2015-0020
https://doi.org/10.1515/jcim-2015-0020
https://doi.org/10.1161/CIRCULATIONAHA.108.191394
https://doi.org/10.1161/CIRCULATIONAHA.108.191394
https://doi.org/10.1186/s12937-019-0502-y
https://doi.org/10.1111/bph.14434
https://doi.org/10.1111/bph.14434
https://doi.org/10.1016/j.jhep.2019.06.021
https://doi.org/10.1158/1940-6207.CAPR-17-0160
https://doi.org/10.1007/s13238-017-0436-0
https://doi.org/10.1007/s13238-017-0436-0
https://doi.org/10.1021/acs.jafc.8b05032
https://doi.org/10.1002/fsn3.2162
https://doi.org/10.1002/fsn3.2162

