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When the beverage is sweet, how does the liver feel?
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Abstract

Purpose of review—The purpose of this paper is to both review the available data and also
highlight the gaps in knowledge, regarding the link between pediatric NASH and different type of
sweeteners including caloric sweeteners (CS) and non-caloric sweeteners (NCS).

Recent findings—Studies have demonstrated that patients with NASH generally have had an
unhealthy diet, characterized by on overconsumption of carbohydrates especially fructose.
Mechanistically, a high-fructose diet reduces hepatic lipid oxidation, increases proinflammatory
response, increases intestinal permeability and decreases microbiome diversity. Consumption and
availability of NCS has therefore been increasing dramatically. Most NCS are not considered to be
metabolized in the body and therefore thought to be safe for consumption. It was reported that
pharmacological properties of rebaudioside, a type of NCS, as a potential hepatoprotector are
through anti-inflammatory and antifibrotic mechanisms, associated with enhancing glucose-
induced insulin secretion and inducing the difference of microbiome diversity.

Summary—Diet is an important factor in the pathogenesis of NAFLD and popular dietary
patterns are contributing to the increased replacement of natural sweeteners with NCS. Screening
for NAFLD by pediatricians and counseling on the avoidance of sugar-sweetened beverages are
recommended. We feel that the various NCS available to the consumer today merit further
investigation, and may potentially have hitherto unknown effects on hepatic metabolic function.
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Introduction

It is well known that excess caloric consumption is a major factor for obesity and
nonalcoholic fatty liver disease (NAFLD), particularly when coupled with genetic
susceptibility and/or a sedentary lifestyle. It is clear that the composition of the diet,
independent of caloric content can exert a unique influence on liver function. The average
“western” human diet comprises 40-50% carbohydrate, 20% protein and 30-40% fat [1].
Dietary intake of excess carbohydrates is of course well known to be associated with obesity
and its related metabolic diseases including nonalcoholic steatohepatitis (NASH). Over the
last several decades, increasing consumption of carbohydrates in particular has paralleled the
increasing rate of NAFLD and NASH in the United States [2].

Pediatric NAFLD is defined by the presence of excessive hepatic steatosis in the setting of a
child being overweight, which is not secondary to genetic or metabolic diseases, infection,
toxicity or medications [3]. NAFLD can be further divided into nonalcoholic fatty liver
(NAFL) and nonalcoholic steatohepatitis (NASH). NAFL denotes bland steatosis, while
NASH is histologically characterized by lobular inflammation and/or fibrosis in the setting
of hepatic steatosis [2]. Despite the considerable progress in understanding the complex
nature of NASH, the mechanisms involved at the onset and in the progression of liver
damage are still unclear. NASH, is now believed to be a multifactorial disorder resulting
from a combination of genetic susceptibility, epigenetic influence and superlative
environmental factors[4].

Owing to the high prevalence of NAFLD worldwide especially in industrialized countries
and the consequent burden of progressive liver disease, NAFLD has rapidly become a
leading etiology underlying many cases of hepatocellular carcinoma (HCC). However, the
increased HCC risk of patients with NAFLD or NASH is often underdiagnosed and has led
to predictions that NASH will be the leading cause for liver transplantation in adults in the
United States by 2030 [5]. Given that genetic and epigenetic factors are seldom modifiable,
first-line treatment for the vast majority of patients with NASH therefore remains lifestyle
modification. Thus, research into this modifiable risk factor for NASH, nutrition, should be
an area of extremely high priority.

The increased prevalence of obesity in children has coincided with a large increase in the
consumption of sugar-sweetened beverages [6, 7]. Sugar-laden diets are ubiquitous because
humans and animals display preferences for sweet taste that starts early in life [8]. Recently
a study published in JAMA reported that reduction of sugar-containing beverage
consumption reduced weight gain and body fat gain in healthy children [9]. Despite these
recent additions for the most part, published guidelines recommend a “better lifestyle”, but
do not specify a particular diet sighting “limited available evidence” [3].

The purpose of this paper is to both review the available data and also highlight the gaps in
knowledge, regarding the link between pediatric NASH and different type of sweeteners
including natural sweeteners (Caloric sweeteners, CS) and artificial sweeteners (Non-caloric
sweeteners, NCS).
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Caloric sweeteners (CS) and NASH

Carbohydrates are designated as simple or complex based on the number of sugar molecules.
Complex carbohydrates are typically polysaccharides with a range of structures that are
highly resistant to enzymatic digestion, and less likely to stimulate lipogenesis in the liver
[10]. Simple carbohydrates on the other hand, include the dietary sweeteners glucose,
fructose and sucrose. Glucose and fructose are monosaccharides, while sucrose is a
disaccharide. These molecules are metabolized by the intestine and transported directly via
the portal circulation, to the liver wherein via de novo lipogenesis (DNL) there are
triglyceride moiety generation and subsequent neutral lipid storage or hepatic steatosis [11].
This is especially true for the fructose molecule as it stimulates more hepatic lipid
production due to the lack of feedback regulation [10].

Consumption of sugar-sweetened beverages has been increasingly associated with the
negative health outcomes such of obesity, diabetes and the metabolic syndrome. The same
holds true for NAFLD and NASH. Forced carbohydrate overfeeding in a pre-clinical study
found rapid increase in liver fat content by 27% with only a concurrent 2% increase in body
weight [11]. Clinical studies have similarly demonstrated that patients with NASH generally
have had an unhealthy diet, characterized by on overconsumption of carbohydrates
especially fructose, saturated fat along with a low consumption of fiber and omega-3
containing dietary elements [12]. Studies have further shown that excess fructose
consumption alone can lead to insulin resistance through uric acid mediated oxidant stress
and inflammatory cytokine production [13].

It is noted that the ability of simple sugars to induce liver injury maybe modulated by the fat
component of the diet, specifically saturated fat [10]. The addition of fructose to a diet high
in saturated fat led to a greater weight gain, pronounced steatosis and signs of hepatic
inflammation rapidly [10, 14]. Our previous pre-clinical work indicated that fructose-
sucrose containing drinking water, when provided to mice in the combination with a high
saturated-fat diet induced liver inflammation and fibrosis, which was further validated
with analysis of a large epidemiological human data set [15].

Decreasing consumption of simple carbohydrates and added sugar play a key role in the
treatment and prevention of NASH. Fructose is almost exclusively metabolized by the liver
and is a potential determinant of liver fat accumulation. The reverse phenomenon is
observed when dietary fructose is restricted and it was associated with a significant
reduction in denovo lipogenesis [11]. Mosca et al evaluated the association between fructose
assumption and NAFLD in obese children, demonstrating fructose consumption was
independently associated with NASH [16], and Schwarz et al studied the effects of a short-
term isoenergetic fructose restriction in obese children, which interestingly resulted in
decreased overall liver fat tissue as measured by 27%. Another study on adolescent boys
with NAFLD revealed 8 weeks of low sugar diet resulted in significant improvement in
hepatic steatosis. [9].

Mechanistically, a high-fructose diet reduces hepatic lipid oxidation by blocking the activity
of PPAR-a increasing hepatic steatosis. Fructose also acts in the liver at the transcriptional
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level by increasing the proinflammatory transcription of NF-kb and increasing oxidative
stress. Fructose may also promote liver injury by causing bacterial overgrowth and increased
intestinal permeability, precipitating endotoxemia and subsequent initiation of inflammation.
Jones RB et al found that in human subjects, high dietary fructose is associated with low
abundance of Eubacterium and Streptococcus [17]. Finally, a diet high in fat and
carbohydrate has also been shown to be associated with microbiome changes consistent with
decreased gut bacterial diversity and reductions in beneficial bacteria [18].

Screening for NAFLD using liver enzymes is recommended between the ages 9 and 11 years
for children that are obese or children that are overweight with certain risk factors [3]. The
liver enzyme, alanine amino transferase (ALT) is minimally invasive and has an acceptable
sensitivity, with the median upper limit of normal being 22 mg/dL for girls and 26 mg/dL for
boys. Referral to a gastroenterologist is recommended if an elevation of liver enzymes is
identified using these screening guidelines.

Noncaloric sweeteners (NCS) and NASH

Given the abundance of data that sugar-sweetened beverages are associated with obesity and
NASH, many researchers and healthcare practitioners have proposed that non-caloric, high-
intensity sweeteners provide a beneficial alternative in foods and beverages [19]. For the
purposes of this review article, the terms high-intensity sweeteners, low-calorie sweeteners,
artificial sweeteners, non-caloric sweeteners will be categorized under the umbrella term
NCS.

NCS are food additives providing sweetness without calories or glycemic effects [20]. NCS

are several magnitudes sweeter than sucrose and are already used ubiquitously in beverages,
foodstuffs and medicines. There has been a recent surge in the use of NCS given the popular
theme of cutting back sugar from diet. Consumption and availability of artificial sweeteners
has therefore been increasing dramatically. Commercially available NCS include sucralose,

acesulfame potassium, saccharin, aspartame, stevia (rebaudioside) and sucralose [21].

Saccharin is one of the oldest NCS, and was developed in 1879. Amongst the second-
generation sweeteners, aspartame continues to be used extensively and was approved in
1981. More recent NCS on the market include plant-derived products like stevia
(rebaudioside) and fermented sugar alcohols like sorbitol which have a laxative effect when
consumed in large quantities. Overall there has been exponential increase in the
consumption of NCS over the last two decades[22].

Most NCS are not considered to be metabolized in the body and therefore thought to be safe
for consumption [21]. Saccharin, cyclamate, acesulfame potassium, aspartame, sucralose
and stevia are the NCS approved under the, generally regarded as safe (GRAS) category by
FDA. However, there is still a high level of debate about the use of NCS in food supply. We
believe that despite FDA approval, there is a need for greater risk assessment to identify
possible health problems related to the long-term consumption of NCS. Interestingly, there
are data that certain NCS compounds are pharmacologically active and may therefore play a
role in the regulation of adipogenesis or its key precursor step of hepatic DNL [23]. Animal

Curr Treat Options Pediatr. Author manuscript; available in PMC 2020 December 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xi and Kohli

Page 5

studies have reported that intake of NCS can be associated with weight gain and metabolic
syndrome [21]. Similarly, Suez et all reported that saccharin, sucralose or aspartame caused
marked glucose intolerance [24].

The Stevia leaf’s extract, rebaudioside, perceived as 300 times sweeter than sucrose [25], has
been used for centuries as a sweetening food additive in South America, and was recently
approved in United States as a type of NCS. The ability to provide sweetness without
calories, and the presumption of safety compared to common caloric sweeteners such as
high fructose corn syrup (HFCS) [26] has led to the further popularity of NCS compounds.
Interestingly, Reynolds TH et al also reported that rebaudioside supplemented water did not
change body weight, and promote insulin resistance or obesity [27] while another study
observed that rebaudioside may in fact reduce adipogenesis[28] [19], and result in reduction
of body weight [29].

It was reported that pharmacological properties of rebaudioside as a potential
hepatoprotector are through anti-inflammatory and antifibrotic mechanisms including
downregulating NF-kB and proinflammatory cytokines [30]. Casas S et al reported that
rebaudioside prevents liver damage by blocking oxidative processes via upregulation of
nuclear erythroid factor 2 (Nrf2) and exerts immunomodulatory effects by downregulating
the nuclear factor-kB system and acts as an antifibrotic agent by maintaining collagen
content [31]. In vitro studies on the metabolism of rebaudioside showed that it is mainly
degraded by the microbiome without getting absorbed by gastrointestinal tract, serving as an
activator of Nrf2 [32]. A recent article published in the journal Nature Communications,
reported that rebaudioside potentiates the perception of sweet taste and enhances glucose-
induced insulin secretion to prevent diabetic hyperglycemia in a Trpm5-dependent manner,
which in turn is a calcium-activated cation channel expressed in type 1l taste receptor cells
and pancreatic beta-cells [33]. These findings suggested that rebaudioside is a potentially
beneficial agent for preventing or managing NASH and should be studied further.

Both synthetic and natural NCS have been shown to exert bacteriostatic effects on a variety
of bacteria species [34]. The gut microbiota consists of hundreds of bacterial species and is
involved in multiple physiological functions such as carbohydrate and amino acid
metabolism. Most recently, several studies on NCS including sucralose, aspartame or
saccharin showed that gut microbiota was disrupted in both mice and humans using a
number of models and experimental interventions [35], with development of glucose
intolerance afterwards. Transplantation of saccharin treated fecal contents into germ-free
mice established that glucose intolerance phenotype could be transferred to host animals,
thereby implicating the microbiota as causative in metabolic impairment. A recent cross-
sectional study revealed that no differences in bacterial abundance and gene function
between NCS consumers and non-consumers in adults, but there was significant difference
in microbial diversity[36] [37].

Nettleton JE et al found that rebaudioside alter gut microbiota composition and reduce
nucleus accumbens tyrosine hydroxylase and dopamine transporter mMRNA levels [38]. This
small change in diversity maybe a driving force mediating metabolic changes. Interestingly,
it was reported that bacteroides are the most efficient group of bacteria at hydrolyzing
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rebaudioside. Together the potential for NCS driven changes to the microbiome may share
responsibility for rescue of pancreatic islet mass and improved glucose intolerance, and
again should be studied further.

Conclusion

Screening for liver enzymes between ages 9 and 11 years for children that are obese and for
children that are overweight with risk factors by their pediatric primary practitioner is now
recommended [3].

There is strong evidence for the avoidance of sugar-sweetened beverages as a strategy to
decrease adiposity and help reverse the hepatic consequences of obesity., as fructose is
primarily metabolized in the liver mediating hepatic DNL, altered metabolism and visceral
adiposity. Popular dietary patterns are also contributing to the increased replacement of
natural sweeteners with NCS compounds. We feel that the various NCS available to the
consumer today merit further investigation, as each agent is derived from different sources
and may potentially have hitherto unknown effects on hepatic metabolic function.

Thus, despite all the sweetness, how our liver responds to caloric and non-caloric sweeteners
continues to be an important distinction that remains to be determined (Figure).

Aberrations

NAFLD nonalcoholic fatty liver disease
NASH nonalcoholic steatohepatitis
CS caloric sweeteners

NCS non-caloric sweeteners

DNL de novo lipogenesis
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Figure.
Schematic diagram illustrated that excessive intake of caloric sweeteners (CS) (e.g. fructose)

are metabolized by the intestine, associated with decreasing insulin sensitivity and disrupting
microbiome diversity, then further transported directly via portal circulation to the liver to
promote de novo lipogenesis (DNL) and subsequently NAFLD and NASH; while non-
caloric sweeteners (NCS) which have attracted research attention given the phenomena that
sugar-sweetened beverages are associated with metabolic syndrome, are not considered to be
metabolized in the body, however be able to enhance insulin sensitivity by acting on
pancreas and restore microbiome stability, further induce hepatoprotection therefore serving
as a potentially beneficial agent for NASH.
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