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ARTICLE INFO ABSTRACT

Keywords: Fructose-rich beverages and foods consumption correlates with the epidemic rise in cardiovascular disease,
Fructose diabetes and obesity. Severity of COVID-19 has been related to these metabolic diseases. Fructose-rich foods
Fetal programming could place people at an increased risk for severe COVID-19. We investigated whether maternal fructose intake in
EQIZS'COV'Z offspring affects hepatic and ileal gene expression of proteins that permit SARS-CoV2 entry to the cell. Carbo-
leum hydrates were supplied to pregnant rats in drinking water. Adult and young male descendants subjected to water,
Cholesterol liquid fructose alone or as a part of a Western diet, were studied. Maternal fructose reduced hepatic SARS-CoV2

entry factors expression in older offspring. On the contrary, maternal fructose boosted the Western diet-induced
increase in viral entry factors expression in ileum of young descendants. Maternal fructose intake produced a
fetal programming that increases hepatic viral protection and, in contrast, exacerbates fructose plus cholesterol-

induced diminution in SARS-CoV2 protection in small intestine of progeny.

1. Introduction

Food patterns and diet have greatly changed during recent decades
in both industrialized and developing countries together with a seden-
tary lifestyle resulting in dramatic increases of obesity, metabolic syn-
drome (MetS), non-alcoholic fatty liver disease (NAFLD), and type 2
diabetes (T2DM) (Taskinen et al., 2019). MetS increases the risk of
developing hypertension, cardiovascular diseases (CVD), T2DM,
NAFLD, hyperuricemia, gout and chronic kidney disease (CKD) (Zhang
et al., 2017).

Fructose is a monosaccharide found naturally in fruits, vegetables
and honey. Fructose is also used as added sugar in the form of sucrose or
high fructose corn syrup (HFCS) to sweeten a wide variety of processed
foods and sugary drinks. High fructose diets and extensive commercial
use of HFCS have been associated with the rising prevalence of MetS
worldwide (Zhang et al., 2017). Experimental studies have shown that
fructose can induce many features of MetS in rats, whereas glucose
intake does not (Johnson et al., 2009). Thus, diets containing 10 % wt/

vol fructose in drinking water cause hypertriglyceridemia and fatty liver
(Roglans et al., 2002). In fact, both obesity, MetS and T2DM are often
called “diet-related diseases”. The term “processed food-related disease”
refers to diseases where diet is one of the essential causative factors, and
includes T2DM, hypertension, heart disease, obesity, dementia, fatty
liver disease, and cancer. Thus, the healthcare community is increas-
ingly aware that the global pandemic of these non-communicable dis-
eases has its origins in our Western processed food diet, which should be
extensively and urgently regulated (Lustig, 2020).

Interestingly, it has recently been found that 88 % of adults in the
USA are metabolically unhealthy. This means that only 12 % of Amer-
icans, even those at “normal weight”, have safe levels of blood sugar,
triglycerides, high-density lipoprotein (HDL), and blood pressure. The
prevalence of metabolic health in adults from the USA and probably
most Western countries is alarmingly low, and this situation has serious
implications for public health (Aratjo et al., 2019). From the 1970s,
there has been both an increase in overall sugar consumption in the
United States and several other westernized countries and the
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replacement of sucrose with HFCS in beverages and other processed
foods. Although the consumption of HFCS has been rising in parallel to
the increase in obesity and diabetes, there is currently no conclusive
scientific information demonstrating a clear association between con-
sumption of fructose and metabolic diseases. In fact, a paradox arises
when HFCS intake has been declining over the last two decades, whereas
rates of overweight among adults and diabetes have continued to in-
crease in the same timeframe (Laughlin et al., 2014). Therefore, since it
is well-established that metabolic events during pre- and postnatal
development modulate metabolic disease risk in later life (Koletzko
et al., 2005), the maternal diet being the most important event (Vickers
etal., 2005) and fructose has frequently been linked to obesity, MetS and
CVD (Johnson et al., 2009), maternal fructose intake could serve to
explain the paradox. In fact, we and others have previously shown that
maternal fructose intake provokes many features of MetS in adult male
offspring (Alzamendi et al., 2016; Rodriguez et al., 2016; Saad et al.,
2016). Moreover, maternal fructose intake can modulate how male
progeny respond to a liquid fructose supplementation when adults
(Fauste et al., 2020). However, although a connection between a high
maternal consumption of fructose-containing beverages and the global
epidemic of obesity and MetS could exist (Rodriguez et al., 2013; Vila
et al,, 2011), ingestion of these beverages and fruit juices is still
permitted and not regulated during gestation.

COVID-19 is a respiratory disease caused by the novel coronavirus,
severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), which
has reached pandemic status. Canonical SARS-CoV-2 host cell entry
occurs by binding to the cell surface receptor angiotensin-converting
enzyme 2 (ACE2) and then, the transmembrane protease serine 2
(TMPRSS2) cleaves the viral spike (S) protein, allowing fusion of cellular
and viral membranes (Fig. 1). However, since the expression of these
two molecules is negligible in many tissues, the possibility of viral entry
via non-canonical pathways cannot be discarded. Thus, these alternative
pathways would involve both other proteases, such as Cathepsin L,
ADAM metallopeptidase domain 17 (ADAM17) or furin (Coate et al.,
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2020; Yeung et al., 2021) as well as other putative receptors, such as
neuropilin-1 (Daly et al., 2020) or HDL-scavenger receptor B type 1
(SRB1) (Wei et al., 2020) (Fig. 1).

While COVID-19 affects all population groups, severe pathology and
mortality is disproportionately highest in the elderly and/or in those
patients with underlying conditions, such as T2DM, obesity and other
chronic diseases (Coate et al., 2020). Moreover, since the Western-style
diet is known to contribute to the prevalence of these metabolic diseases,
fructose-rich processed foods and sugary drinks and/or high-fat diets
could place these populations at an increased risk for severe COVID-19
pathology and mortality (Butler & Barrientos, 2020).

Nevertheless, controversy exists about whether pre-existing abnor-
malities related to metabolic diseases determine the severity of COVID-
19. Thus, one study showed that patients with metabolic-associated fatty
liver disease (MAFLD) have a higher risk of COVID-19 disease progres-
sion and liver blood test abnormalities than patients without MAFLD (Ji
et al., 2020). In contrast, another study did not find a higher suscepti-
bility of fatty liver to SARS-CoV-2 infection. None of the genes necessary
for SARS-CoV-2 infection was differentially expressed between lean or
obese controls and patients with simple steatosis or non-alcoholic stea-
tohepatitis (NASH). Moreover, no increase in liver gene expression of
SARS-CoV-2 critical entry proteins was found between MAFLD and
control mice (Biquard et al., 2020). Nevertheless, a more recent study
indicated that SARS-CoV-2 entry factors in liver are differently affected
by T2DM and NAFLD in obese patients. While obese women with T2D
have unexpectedly lower levels of ACE2 and TMPRSS2 than obese
normoglycemic women, obese patients with NASH showed a markedly
higher expression of these genes, suggesting that advanced stages of
NAFLD might predispose individuals to COVID-19 (Fondevila et al.,
2021).

In the present study, we examined in rats if maternal fructose, in
comparison to glucose, affects the hepatic gene expression of SARS-CoV-
2 critical cell entry factors in adult male descendants. Then, we studied if
maternal fructose determined how liquid fructose affects the gene
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Fig. 1. Cell surface receptors and cofactors facilitating SARS-CoV-2 entry. Canonical pathway occurs by binding to the cell surface receptor angiotensin-converting
enzyme 2 (ACE2) and then, the transmembrane protease serine 2 (TMPRSS2) cleaves the viral spike protein, allowing fusion of cellular and viral membranes. Non-
canonical pathways would involve other proteases: Cathepsin L, ADAM metallopeptidase domain 17 (ADAM17) or furin; and receptors: neuropilin-1 or HDL-
scavenger receptor B type 1 (SRB1). SRB1 alone or in collaboration with HDL augments SARS-CoV-2 attachment and then, host cell entry is completed through
ACE2 interaction. The neuropilin and furin collaboration would be an alternative entry to SARS-CoV-2 to that made by the ACE2 and TMPRSS2 cooperation.
ADAM17 does cleave ACE2, and releases a soluble form of ACE2 that can interact with SARS-CoV-2 and mediate its entry to the cell. This image has been created

using Servier Medical Art (https://smart.servier.com).
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expression of key factors of SARS-CoV-2 entry to the hepatocyte in adult
male rats. Finally, we determined in young males how maternal fructose
is able to modulate the effects of liquid fructose, tagatose (an epimer of
fructose) and fructose plus cholesterol (as an example of a Western-style
diet) on hepatic and ileal gene expression of SARS-CoV-2 entry-depen-
dent factors.

2. Materials and methods
2.1. Animals and experimental design

An animal model of maternal liquid fructose intake was developed as
previously described (Fauste et al., 2020; Rodrigo et al., 2018; Rodri-
guez et al., 2013). Female Sprague-Dawley rats weighing 200-240 g
were fed ad libitum, a standard rat chow diet (Teklad Global 14 %
Protein Rodent Maintenance Diet, Envigo, USA), and housed under
controlled light and temperature conditions (12-h light-dark cycle; 22
+ 1 °C). The experimental protocol was approved by the Animal
Research Committee of the University San Pablo-CEU, Madrid, Spain
(ref. numbers 10/206458.9/13 and 10/042445.9/19). The experi-
mental design was separated into two protocols.

In the first protocol, pregnant animals were randomly separated into
a control group, a fructose-supplemented group (Fructose), and a
glucose-supplemented group (Glucose) (five to six rats per group)
(Rodriguez et al., 2013). Fructose and glucose were supplied as a 10 %
(wt/vol) solution in drinking water throughout gestation. The concen-
tration used here (10 % wt/vol) is very close to that of sugar-sweetened
beverages (SSB). Control animals received no supplementary sugar.

A)
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Pregnant rats were allowed to deliver and on the day of birth, each
suckling litter was reduced to nine pups per mother. After delivery, both
mothers and their pups were maintained with water and food ad libitum.
At 21 days of age, pups were separated by gender and male progeny
were kept fed on a standard rat chow diet (Teklad Global 14 % Protein
Rodent Maintenance Diet, Envigo, USA) and water without additives.
Animals within each experimental group were born to different dams to
minimize the “litter effect”. In order to know the effects in adult progeny
at 240 days of age, one half of the male progeny were randomly sepa-
rated. When the progeny were 261-days-old, they were sacrificed and
blood and livers were collected. Remarkably, these animals had received
no subsequent additive in the drinking water for their entire lives
(Rodrigo et al., 2018) (Fig. 2A). The other half of the male progeny were
subjected to the next protocol: independently from the experimental
group of mothers to which they had been born, they were maintained on
solid pellets and supplied with drinking water containing 10 % (wt/vol)
fructose. Thus, three experimental groups were formed: C/F, F/F, G/F,
the first letter indicating whether the mothers had been supplied with
tap water during pregnancy (C: control), or water containing a carbo-
hydrate (F: fructose; G: glucose); and the second letter indicating the
period with fructose (F), when they were adults. When the progeny were
261-days-old, they were sacrificed and livers were immediately
removed, placed in liquid nitrogen and kept at —80 °C until analysis. In
parallel, a fourth experimental group was used, C/C: male progeny from
control mothers supplied with water without any additives when adult.
The period with fructose was selected to last 21 days (from 240 to 261
days of age) (Fauste et al., 2020) (Fig. 3A).

In the second protocol, pregnant rats were randomly separated into a
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Fig. 2. Fructose in pregnancy affects hepatic cell surface receptors and cofactors facilitating SARS-CoV-2 entry in adult male progeny. (A) Experimental design.
Hepatic levels of specific mRNA for (B) TMPRSS2, (C) neuropilin-1, (D) furin, (E) ADAM17, (F) cathepsin L, and (G) SRB1 genes of 261-day-old male progeny from
control (empty bar), fructose-fed (black bar) and glucose-fed (grey bar) pregnant rats. Relative target gene mRNA levels were measured by Real Time PCR as
explained in Materials and Methods, normalized to Rps29 levels and expressed in arbitrary units (a.u.). Data are means =+ S.E. from 5 to 6 litters. Values not sharing a
common letter are significantly different (P < 0.05). TMPRSS2: transmembrane protease serine 2; ADAM17: ADAM metallopeptidase domain 17; SRB1: HDL-
scavenger receptor B type 1. E: embryonic/fetal days (E21: delivery); P: postnatal days.
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Fig. 3. Liquid fructose in gestation exacerbates fructose-induced augmentation of hepatic TMPRSS2 expression in adult male progeny. (A) Experimental design.
Hepatic levels of specific mRNA for (B) TMPRSS2, (C) neuropilin-1, (D) furin, (E) ADAM17, (F) cathepsin L, and (G) SRB1 genes. Liver (nRNA) expression of fructose-
fed male adult progeny from control (C/F, light grey bar), fructose- (F/F, black bar), and glucose-supplemented (G/F, dark grey bar) mothers. C/C: Control 261-day-
old male offspring from control pregnant rats (empty bar, C/C). Relative target gene mRNA levels were measured by Real Time PCR as explained in Materials and
Methods, normalized to Rps29 levels and expressed in arbitrary units (a.u.). Data are means + S.E. from 5 to 6 litters. Values not sharing a common letter are
significantly different (P < 0.05). TMPRSS2: transmembrane protease serine 2; ADAM17: ADAM metallopeptidase domain 17; SRB1: HDL-scavenger receptor B type

1. E: embryonic/fetal days (E21: delivery); P: postnatal days.

control group (no supplementary sugar) and a fructose-supplemented
group (fructose 10 % wt/vol in drinking water) (seven to eight rats
per group) throughout gestation (Rodriguez et al., 2013). Pregnant rats
were allowed to deliver and on the day of birth, each suckling litter was
reduced to nine pups per mother. After delivery, both mothers and their
pups were maintained with water and food ad libitum. At 21 days of age,
pups were separated by gender and male progeny were kept fed on a
standard rat chow diet (Teklad Global 14 % Protein Rodent Maintenance
Diet, Envigo, USA) and water without additives. When the offspring
were 3 months old, they were subjected to a new treatment for 21 days
regardless of the group of mothers they were born. Male progeny from
Control or Fructose-fed mothers were randomly separated into four
experimental groups (animals within each experimental group were
born to different dams to minimize the “litter effect™): control (C, tap
water), fructose (F, fructose 10 % wt/vol in drinking water), fructose
and cholesterol diet (FCho, fructose 10 % wt/vol in drinking water and
solid food with 2 % added cholesterol; Tecklad Custome Diets TD.07841,
Envigo, USA) and tagatose (T, tagatose 10 % wt/vol in drinking water).
After 21 days, they were sacrificed and liver and ileum were immedi-
ately removed, placed in liquid nitrogen and kept at —80 °C until
analysis (Fig. 4A and 6A).

2.2. RNA extraction and gene expression by gPCR

Total RNA was isolated from liver or ileum using Ribopure (Invi-
trogen, ThermoFisher Scientific, USA). Total RNA was subjected to
DNase I treatment using Turbo DNA-free (Invitrogen, ThermoFisher

Scientific, USA), and RNA integrity was confirmed by agarose gel elec-
trophoresis. Afterwards, cDNA was synthesized by oligo(dT)-primed
reverse transcription with Superscript II (Invitrogen, ThermoFisher
Scientific, USA). qPCRs were performed using a CXF96® Touch (Bio-
Rad, California, USA). The reaction solution was carried out in a volume
of 20 pl, containing 10 pmol of both forward and reverse primers, 10x
SYBR Premix Ex Taq (Takara Bio Inc., Japan) and the appropriate
nanograms of the cDNA stock. Rps29 was used as a reference gene for
gqPCR. The primer sequences were obtained either from the Atlas RT-
PCR Primer Sequences (Clontech, CA, USA) or designed using Primer3
software (University of Massachusetts Medical School, MA, USA) (Rozen
& Skaletsky, 2000).

Samples were analysed in duplicate on each assay. Amplification of
non-specific targets was discarded using the melting curve analysis
method for each amplicon. qPCR efficiency and linearity were assessed
by optimization of the standard curves for each target. The transcription
was quantified with CFX Maestro 2.0 software (Bio-Rad, California,
USA) using the efficiency correction method (Pfaffl, 2001).

2.3. Statistical analysis

Results were expressed as means + S.E. On the first protocol, treat-
ment effects were analyzed by one-way analysis of variance (ANOVA).
When treatment effects were significantly different (P < 0.05), means
were tested by Tukeys multiple range test. When the variance was not
homogeneous, a post hoc Tamhane test was performed. Significant dif-
ferences were indicated with different letters.
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Fig. 4. Fructose and fructose plus cholesterol affect hepatic cell surface receptors and cofactors facilitating SARS-CoV-2 entry in young male progeny. (A) Exper-
imental design. Hepatic levels of specific mRNA for (B) TMPRSS2, (C) neuropilin-1, (D) furin, (E) ADAM17, (F) cathepsin L, and (G) SRB1 genes. Liver (mRNA)
expression from control (C, empty bar), fructose- (F, light grey bar), and fructose plus cholesterol-supplemented (FCho, dark grey bar) young male progeny from
Control (left panel) or Fructose-fed (right panel) mothers. Relative target gene mRNA levels were measured by Real Time PCR as explained in Materials and Methods,
normalized to Rp529 levels and expressed in arbitrary units (a.u.). Data are means + S.E. from 7 to 8 litters. Asterisks denote a significant difference (*, P < 0.05; **,

P < 0.01;
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difference (#, P < 0.05; ##, P < 0.01; ###, P < 0.001) as compared to the Control mothers (groups with the same diet but different mothers diet). TMPRSS2:
transmembrane protease serine 2; ADAM17: ADAM metallopeptidase domain 17; SRB1: HDL-scavenger receptor B type 1. E: embryonic/fetal days (E21: delivery); P

postnatal days.

On the second protocol, treatment effects were analyzed by two-way
analysis of variance (ANOVA). Data that were not normally distributed
were log transformed to achieve data normality. Then, the Bonferroni
test was used for post hoc analysis to identify the source of significant
variance. Significant differences (P < 0.05) were indicated either with
asterisks (*) between groups of animals receiving different treatments
but belonging to the same dietary group of mothers or hash symbols (#)
between groups of rats with the same treatment but coming from
different dietary group of mothers. All statistical valuation was per-
formed using SPSS version 25 computer program.

3. Results

3.1. Maternal fructose decreases hepatic SARS-CoV-2 cell entry factors in
adult male progeny

We have taken advantage of our well-stablished animal model of
MetS in which fetal programming is achieved by maternal fructose
intake (Fauste et al., 2020; Rodrigo et al., 2018; Rodriguez et al., 2013).
Thus, male rats born of fructose-fed mothers exhibited impaired insulin
signalling and hyperinsulinemia (Rodriguez et al., 2016). However,
surprisingly, hepatic cell surface receptors and cofactors facilitating

SARS-CoV-2 entry showed a reduced gene expression (Fig. 2). Although
ACE2 gene expression was not detected in liver and TMPRSS2 mRNA
hepatic levels (Fig. 2B) showed no differences between descendants
from control, fructose-fed and glucose-fed mothers, furin and neuropilin
1 (protease and receptor, respectively, known to collaborate together in
the virus entry (Drucker, 2021)) gene expression displayed a reduction
in progeny born of carbohydrate-fed mothers, the fructose group being
more deeply affected (Fig. 2C and 2D). ADAM17 (another factor
belonging to the non-canonical pathway viral entry, as are furin and
cathepsin) produced the same results (Fig. 2E) as those described above
for furin (Fig. 2D). However, cathepsin L showed no differences between
the three groups (Fig. 2F).

Cholesterol is critical for viral entry and replication. In fact, SARS-
CoV-2 spike protein interacts with HDL, indirectly facilitating viral
entry through the SR-B1 cell surface receptor (Drucker, 2021). In
accordance with findings here observed for other receptors and co-
factors involved in the SARS-CoV-2 cell access, SR-B1 gene expression
was diminished in progeny from fructose-fed dams becoming significant
in comparison to males born of glucose-fed mothers (Fig. 2G).

Therefore, maternal fructose intake seems to provoke a clear
reduction in the hepatic gene expression of viral entry factors in adult
male progeny and, possibly, this would protect the organ from SARS-
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CoV-2 cell infection.

3.2. Maternal fructose exacerbates fructose-induced augmentation of
hepatic TMPRSS2 gene expression in adult male progeny

Bearing in mind the unexpected changes observed in the gene
expression of male progeny born from fructose-supplemented mothers
and in order to discover if this phenotype was conserved or reversed by a
short liquid fructose-feeding period (3 weeks), we subjected male
progeny from control, fructose- and glucose-fed mothers to a fructose
liquid solution and determined if the maternal fructose intake influences
the response of the adult offspring to fructose on hepatic receptors and
cofactors that enable SARS-CoV-2 entry to the cell (Fig. 3A).

However, as shown in Fig. 3, whereas hepatic gene expression of the
majority of key factors determined here for permitting SARS-CoV-2
entrance to the cell was not affected by fructose ingestion (Fig. 3C-
3G), TMPRSS2 expression was induced in fructose-fed rats and this
augmentation was clearly maternal-intake dependent (Fig. 3B). Thus,
fructose-induced increase in TMPRSS2 expression was more pronounced
in progeny from fructose-fed mothers, the effect becoming significantly
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different in comparison to rats from the control (C/C) group. Unfortu-
nately, ACE2 gene expression, the necessary collaborator of this protease
for the virus to enter to the cell, was not detected.

3.3. Maternal fructose exacerbates Western-type diet-induced increase of
SARS-CoV-2 cell entry factors in ileum but not in liver of young male
offspring

Once we found that liquid fructose could influence the gene
expression of a key molecule in SARS-CoV-2 entry to the cell, TMPRSS2,
in adult rats and, moreover, that this effect was dependent of the
mothefts diet, we checked if this situation could be also found in liver of
younger rats. We were also interested in studying the effect of a Western-
style diet and extend the analysis to another interesting tissue that has
also been involved in SARS-CoV-2 infection, that is, ileum.

First, in liver, few changes were observed. Thus, gene expression of
TMPRSS2 (Fig. 4B), neuropilin (Fig. 4C), and ADAM17 (Fig. 4E) was
affected neither by maternal fructose nor by the diet consumed when
descendants were adolescent. Furin and cathepsin L mRNA levels were
increased by fructose plus cholesterol diet (FCho) (but not by fructose
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alone, F) in progeny from Control mothers but, curiously, this effect was
lost for furin (Fig. 4D), or even reverted for cathepsin (Fig. 4F), in de-
scendants from Fructose-fed mothers. For SRB1, in accordance with the
effects observed in adult rats (Fig. 2G), maternal fructose significantly
decreased the mRNA levels of this gene (Fig. 4G).

Interestingly, the effects found in ileum were more evident than in
liver. Thus, liquid fructose did seem to generate less protection against
viral infection in ileum since ACE2 and TMPRSS2 (Fig. 5A and 5B)
trended to increase and neuropilin (Fig. 5C), ADAM17 (Fig. 5E),
cathepsin (Fig. 5F) and SRB1 (Fig. 5G) gene expression were signifi-
cantly augmented in descendants from Control mothers after fructose
intake (F) in comparison to those rats that ingested only water (C). Furin
gene expression was not affected (Fig. 5D). Surprisingly, all these dif-
ferences in gene expression between fructose (F) and controls (C) dis-
appeared when descendants were born from Fructose-fed mothers.

However, this protection against SARS-CoV-2 infection that appar-
ently maternal fructose provoked in ileum when progeny ingested liquid
fructose, was the opposite when descendants received a Western-style
diet. Thus, whereas the fructose plus cholesterol (FCho) diet hardly
produced any increase in gene expression (except for cathepsin (Fig. 5F)
and SRB1 (Fig. 5G)) in progeny from Control mothers, descendants from
Fructose-fed mothers were markedly affected. Although there were no
observed differences for ACE2, TMPRSS2 and furin, gene expression was

A)
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significantly increased for neuropilin (Fig. 5C), ADAM17, cathepsin L,
and SRB1 (Fig. 5E-5G) when descendants from Fructose-fed mothers had
ingested a Western-type diet (FCho) (in comparison to those that
received fructose alone, F, or only water, C), indicating that these ani-
mals would be more prone to a SARS-CoV-2 infection, at least, at the
level of small intestine.

3.4. Maternal fructose modulates how the sweetener tagatose affects
SARS-CoV-2 cell entry factors in young male offspring

In order to demonstrate that the effects here observed for direct
liquid fructose intake were specific for this carbohydrate, tagatose was
used instead (Fig. 6A).

Curiously, although fructose intake did not have any effect in the
liver gene expression of adolescent descendants regardless of the
motherts diet (Fig. 4B), TMPRSS2 gene expression (Fig. 6B) was signifi-
cantly increased by tagatose consumption, although this effect was less
evident when progeny were born from fructose-fed mothers. The other
genes here measured were not affected by tagatose consumption
(Fig. 6C-6G).

Again, the effects observed in ileum were more marked than in liver.
Thus, whereas the effects that liquid fructose (F) provoked in ACE2,
TMPRSS2 and ADAM17 in descendants from Control mothers were not
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observed after tagatose consumption (T) (Fig. 7A, 7B and 7E, respec-
tively), the effects of fructose intake in neuropilin (Fig. 7C), cathepsin
(Fig. 7F) and SRB1 (Fig. 7G) gene expression not only were resembled by
tagatose intake, but were even more pronounced, in comparison to those
rats that ingested only water (C). Furin gene expression was not affected
(Fig. 7D). Once again, as already observed for fructose, all these dif-
ferences in gene expression (except for SRB1, Fig. 7G) between tagatose
(T) and controls (C) found in the progeny from Control mothers, were
mitigated when descendants were born from Fructose-fed mothers
(Fig. 7C and 7F). On the contrary, it was precisely in the progeny of
Fructose-fed mothers where tagatose intake (T) provoked clear increases
in ACE2 and TMPRSS2 (Fig. 7A and 7B) gene expression which became
significant versus those rats that consumed water without additives
(Control, C).

4. Discussion

Whether people with metabolic diseases such as T2DM, CVD or
obesity do exhibit increased susceptibility to SARS-CoV-2 infection
continues to be debated and uncertain. However, COVID-19 infection
clearly results in increased rates of hospitalization, greater severity of
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illness and mortality in patients with diabetes, CVD or obesity. Thus,
knowing if the ACE2 expression and its cofactors facilitating SARS-CoV-
2 infectivity is dysregulated in cells and tissues of patients with diabetes,
CVD or obesity, and contributes to the pathophysiology of SARS-CoV-2
infection, seems to be crucial to understanding and preventing COVID-
19 disease (Drucker, 2021).

Since a Western-style diet is known to contribute to the prevalence of
these metabolic diseases, and therefore all of them have been encom-
passed within the term “processed food-related diseases”, the possibility
that fructose-enriched foods, sugary drinks, high-fat and/or high-
cholesterol diets could place these patients at an increased risk for se-
vere COVID-19 pathology and mortality should not be discarded (Butler
& Barrientos, 2020).

Animal models are critical for understanding viral pathogenesis,
vaccine development, and drug screening. Small animal models are
essential for research and antiviral therapeutic development. Rodent
models are popular because of their affordability, availability, and clear
genetic backgrounds and they have been widely used for studying the
pathogenesis of human coronaviruses (Jiang et al., 2020).

To elucidate these mechanisms, we have used our rat model of fetal
programming provoked by maternal fructose intake in which typical
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features of MetS appear, directly(Rodrigo et al., 2018; Rodriguez et al.,
2016) or after fructose supplementation, in adult male progeny (Fauste
et al., 2020). This animal model of MetS has been previously used by us
and others and has been useful in demonstrating that maternal fructose
intake causes clear dysregulations in progeny with possible clinical
implications (Alzamendi et al., 2016). Interestingly, although male de-
scendants of fructose-fed mothers exhibited impaired insulin signalling
and hyperinsulinemia (Rodriguez et al., 2016), viral entry to the hepa-
tocyte via non-canonical pathways did not seem to be facilitated. Thus,
gene expression both of proteases such as ADAM17 and furin, and re-
ceptors such as neuropilin and SRB1, was decreased in males from
fructose-fed mothers in comparison to those from control dams. These
findings are interesting since neuropilin has been described as an
alternative receptor to ACE2 for the viral entry (Daly et al., 2020), and
moreover, has been reported to be assisted by furin. Furthermore, the
likelihood that SARS-CoV-2 can bind and enter liver cells via the ca-
nonical pathway involving ACE2 and TMPRSS2 seems to be reduced
since ACE2, in our hands, was not detected. Nevertheless, it could
possibly be due to the heterogeneity of the liver cell composition. In fact,
a similar situation has already been demonstrated in human pancreas
where ACE2 and its protease are present in pancreatic ducts but not in
cells (Coate et al., 2020).

Surprisingly, although maternal fructose intake did seem to protect
the liver from SARS-CoV-2 cell infection in adult male progeny, the
findings turned out to be different when these descendants from control,
fructose- or glucose-fed mothers, were themselves subjected to liquid
fructose. Whereas most of the molecules here determined did not show
any differences between the four groups studied, TMPRSS2 gene
expression was induced by fructose intake and the effect became sig-
nificant in male born of fructose-fed mothers versus control males.
Interestingly, this protease has been proposed as one of the molecules
responsible for the relative protection of infants and children against
severe COVID19 illness (Schuler et al., 2021). In fact, TMPRSS2
expression has been demonstrated to increase with aging in mice and
humans.

On the other hand, reports studying the pathophysiology of SARS-
CoV-2 infection in people with diabetes, ECV and obesity, have found
that gastrointestinal tract, liver, islets and adipose tissue are also
affected, raising uncertainty about their implication in the severity of
COVID-19 (Drucker, 2021). For example, ACE2 receptors are abundant
in the small intestine and they have been related to the abdominal pain
and diarrhea that COVID 19 patients frequently report (Ji et al., 2020).

Interestingly, it has been demonstrated that younger rats can be more
greatly affected than older ones by the introduction of sugary drinks
and, therefore, it is logical to think that more marked effects of the
mothers’ diets could be detected if the offspring were introduced to
sugar at a younger age (Kendig et al., 2015). Although young people
seems to be less affected by COVID19 infection and also with less
severity than older individuals, adolescents have a more frequent
ingestion of processed food and beverages containing fructose than older
people.

Therefore, we determine if maternal fructose in young males is able
to modulate the effects of liquid fructose alone or as a part of a Western-
style diet (along with a cholesterol-rich food) on hepatic and ileal gene
expression of SARS-CoV-2 entry-dependent factors. In contrast to adult
rats, both maternal fructose intake and direct fructose consumption in
adolescent rats did not affect the hepatic gene expression of viral entry
factors. The only effect that was coincident to those found in older rats
was that maternal fructose intake diminished SRB1 mRNA expression in
the progeny in comparison to descendants from control dams. These
findings would indicate that young animals seem to be refractory to
show changes in the expression of viral entrance molecules in response
to diet modifications. It was only when cholesterol was included in the
diet along with liquid fructose, that an increase in the expression of two
proteases of the non-canonical pathway (furin and cathepsin) was
observed in the progeny from control dams which, however, was not
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observed in descendants from fructose-fed mothers.

Whereas direct intake of liquid fructose by young males did not
produce any effect in hepatic viral entry factors, fructose-induced
changes were clearly observed in ileum. Although the canonical
pathway (ACE2 and TMPRSS2) only showed a trend to increase, alter-
native proteases such as ADAM17 and cathepsin L gene expression were
significantly induced by fructose intake. Moreover, the other receptor
that has been demonstrated to collaborate with ACE2 to facilitate SARS-
CoV-2 passage to the cell, SRB1 (Wei et al., 2020), also displayed a
fructose-induced increase. Further, the alternative receptor to ACE2,
neuropilin-1, was also increased in descendants from control mothers
that had consumed liquid fructose. Curiously, it was surprising not to
observe these fructose-provoked changes in descendants from fructose-
fed mothers. These findings, in consonance to those found in liver,
would again indicate that maternal fructose intake could be protecting
against the harmful effects that direct liquid fructose intake produces in
the viral entry factors to the cell in these adolescent rats.

Interestingly, the opposite was found when the progenies received a
Western-style diet. Maternal fructose intake exacerbated the detrimental
fructose plus cholesterol-induced effects in SARS-CoV-2 cell entry mol-
ecules found in descendants from control mothers. Although ACE2 and
TMPRSS2 were not affected, the non-canonical pathway (cathepsin and
ADAM17) gene expression was augmented in males from fructose-fed
mothers after receiving the Western-type diet versus descendants
consuming water or liquid fructose. Furthermore, the alternative ACE2
receptor, neuropilin, and the ACE2 collaborating receptor, SRB1, also
exhibited a Western-style diet-induced increase. Thus, as Coate and col
have proposed (Coate et al., 2020) for human f cells, although gene
expression findings found here for ACE2 and TMPRSS2 do not suggest
that SARS-CoV-2 can enter ileal cells via the canonical pathway, they do
not exclude the possibility of viral entry via non-canonical pathways
involving other suggested effector proteases and receptors of SARS-
CoV2. Furthermore, these findings would reinforce those studies in
humans showing that patients with MAFLD or advanced stages of
NAFLD displayed higher expression of SARS-CoV-2 entry factors and,
therefore, higher risk of COVID-19 disease progression than patients
without these metabolic diseases (Fondevila et al., 2021; Ji et al., 2020).

Moreover, though ACE2 has been reported not to participate in
SARS-CoV-2 cell entry in rats, it has been demonstrated in rodents
expressing human recombinant ACE2 (hACE2) that the other factors
facilitating the entrance of SARS-CoV-2 to the cell must be implicated
(Jiang et al., 2020). It remains to be elucidated in humans (or in the
hACE2 mice) whether ACE2 receptor gene expression is also affected by
a Western-diet intake and, moreover, if the mothers diet could be
involved.

Interestingly, during the preparation of the present report, an
interesting study showing that some human cell lines were unable to
support SARS-CoV-2 infection despite displaying a strong expression of
ACE2 has been published (Yeung et al., 2021). Moreover, since it was
observed that inhibition of ADAM17 diminished SARS-CoV-2 infection,
the authors proposed that complexes formed by SARS-CoV-2 and soluble
ACE2 (released by ADAM17 protease activity from the surface of the
cells), might be able to attach and enter the tissues where ACE2 is poorly
expressed (Yeung et al., 2021) (Fig. 1).

Our previous reports reveal the importance of studying the effects of
fructose in comparison to other sweeteners, in order to be sure that the
effects provoked by fructose are specific to this carbohydrate. For this
reason, in the present study we used an epimer of fructose called taga-
tose to compare to fructose. This epimer is increasingly used as a low-
caloric sugar alternative and modestly improves glycemic control in
individuals with and without diabetes (Noronha et al., 2018). In fact, it
has been shown that chronic overconsumption of tagatose does not exert
the same deleterious metabolic derangements observed after fructose
administration (Collotta et al., 2018). In the present study, hepatic gene
expression of most of the factors showed no response to tagatose, as had
already been observed with fructose, except for TMPRSS2. The
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expression of TMPRSS2 was significantly increased after receiving
tagatose in comparison to progeny having drunk fructose or water. This
finding is important since this protease has been proposed as one of the
molecules responsible for the severity of COVID19 (Schuler et al., 2021).
Interestingly, it was observed in ileum that those effects found in de-
scendants from control mothers after fructose intake were specific to this
carbohydrate in ACE2, TMPRSS2 and ADAM17, but not for neuropilin,
cathepsin or SRB1 gene expression since they were also observed after
tagatose intake. Curiously, again, these effects disappeared or were
mitigated by maternal fructose consumption. Interestingly, the specific
effects of tagatose, ileal ACE2 and TMPRSS2 gene expression were
significantly augmented in young males from fructose-fed mothers.
These results found here with fructose and tagatose should make us
reconsider the possibility of reducing or avoiding the wide and enor-
mous use of carbohydrates as components of a great variety of foods as
sweeteners, preservatives and other functions.

As limitations of the present study, apart from difficulties in
extrapolating results from experimental animals to humans: a) although
Bellamine et al (Bellamine et al., 2021) have shown that protein levels of
key factors for viral entry mimic the mRNA levels and, moreover, par-
allel to the susceptibility of cells to SARS-CoV-2 infection, we have not
directly measured SARS-CoV-2 binding or entry into the cells but have
instead assessed (mRNA) gene expression of receptors and proteases
required for the entry of this virus in liver or ileum; b) we have used
simple sugar solutions instead of sucrose (table sugar) or high fructose
corn syrup (HFCS), and thus more evident effects could have been
observed since it is known that fructose absorption is improved by the
presence of glucose; c) we have used fructose plus cholesterol instead
other Western-type diets that also include saturated fat (Rajcic et al.,
2021) and thus, possibly, more harmful effects could have been
observed; d) determinations have not been carried out in other tissues
susceptible to SARS-CoV-2 infection, such as lung, serum and adipose
tissue. Thus, to confirm the applicability of our findings it would be
necessary to address in the future the limitations of the present study.

In summary, we have demonstrated that maternal fructose intake
provided some protection against SARS-CoV-2 infection to descendants.
Curiously, however, one of the most prominent results found here is that
maternal fructose intake exacerbates the fructose plus cholesterol-
induced augmentation in the ileal SARS-CoV-2 cell entry factors gene
expression in young male progeny.. Thus, bearing in mind the potential
influence of processed foods and fructose-rich beverages in the devel-
opment of many common non-communicable diseases such as athero-
sclerosis, metabolic syndrome, etc, and the more and more evident
relationship of these metabolic diseases with the COVID disease, we
would like to suggest that a reduction in the consumption of fructose-
sweetened beverages, especially during gestation, all over the world
could be beneficial.
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