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The consumption of added sugars (e.g. sucrose [table sugar] and high-fructose corn syrup)
over the last 200 years has increased exponentially and parallels the increased prevalence of
chronic kidney disease (CKD). Data for animals and humans suggest that the consumption of
added sugars leads to kidney damage and related metabolic derangements that increase
cardiovascular risk. Importantly, the consumption of added sugars has been found to induce
insulin resistance and increase uric acid in humans, both of which increase the conversion of
glucose to fructose (i.e. fructogenesis) via the polyol pathway. The polyol pathway has recently
been implicated in the contribution and progression of kidney damage, suggesting that even
glucose can be toxic to the kidney via its endogenous transformation into fructose in the
proximal tubule. Consuming added fructose has been shown to induce insulin resistance,
which can lead to hyperglycaemia, oxidative stress, inflammation and the activation of the
immune system, all of which can synergistically contribute to kidney damage. CKD guidelines
should stress a reduction in the consumption of added sugars as a means to prevent and treat
CKD as well as reduce CKD-related morbidity and mortality.

Introduction

There has been an exponential increase in chronic kidney disease (CKD) in the United States (US),
with a fourfold increase in the prevalence of end-stage renal disease between 1980 and 2002.!
Worldwide CKD is known to affect 14% of the total population.? The 2010 Global Health Burden
study ranked CKD as the 18th largest cause of total deaths worldwide, which rose from 27th in
1990.3* Along with this growing CKD burden, the consumption of added sugars (high-fructose
corn syrup and sucrose) has also grown dramatically in the US. The intake of refined sugar went
from 4 pounds per person per year in the US in 1776 to 120 pounds of added sugars in 2002.547
Much of the increase in the intake of added sugars has come in the form of sugar-sweetened
beverages.®

The kidney dysfunction resulting from diabetes, known as diabetic kidney disease (DKD), is the
leading cause of CKD. Additionally, hypertension is a direct cause of CKD, and the excess
consumption of added sugars has been implicated as a direct cause of both diabetes and
hypertension.®*!® The International Diabetes Federation Diabetes Atlas 7th edition estimates the
number of adult diabetics worldwide at 415 million (1 in 11 adults), and this is expected to increase
to 642 million by 2040." Additionally, along with an enormous economic health burden ($612
billion), diabetes causes 1 death every 6 s." The prevalence of DKD, as estimated by the Developing
Education on MA for Awareness of renal and cardiovascular risk iN Diabetes (DEMAND) study
(2006) in 33 countries, was 22, 39 and 10% in adults as shown by the presence of impaired renal
function (eGFR < 60 mL/min/1.73 m?), microalbuminuria and macroalbuminuria, respectively,
with a particularly high prevalence of albuminuria among Asian and Hispanic patients.”? The
estimated mortality burden in 2013 indicated that patients with CKD without diabetes had an
adjusted mortality rate of 52 deaths per 1000 patient-years at risk, whereas those with DKD had 3
times the mortality, at 155 deaths per 1000 patient-years.? Furthermore, the Medicare expenditure
for this CKD burden was estimated to be $50 billion in 2013, representing 20% of the total medical
expense of U.S. adults aged 65 years or older.?

Fructose metabolism

Fructose is a naturally occurring sugar, found in fruits, honey, sugar cane and sugar beet. It forms a
major part of the human diet, both directly and indirectly. Fifty percent of table sugar (also known
as sucrose) is composed of fructose. High-fructose corn syrup (HFCS), another commonly consumed
sugar, generally contains 55% fructose and is found in a variety of food products including fruit
juices and sodas, as well as processed foods like ketchup, power bars, candy and cereals.**
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Fructose is absorbed at a slower rate than glucose.” Its
absorption occurs passively and actively via GLUT-5 on the
brush-border membrane of the lower part of the duodenum
and jejunum, and is transported into the circulation by
GLUT-2."*"® Once fructose is absorbed it is taken up by the
liver via GLUT-2.® Much of the ingested fructose goes
through first-pass metabolism in the liver, where fructokinase
converts fructose to fructose-1-phosphate.’®

Fructose metabolism differs from that of glucose metabolism
as the trioses produced from fructose lack phosphate and
need to be phosphorylated for mitochondrial oxidation.'
Additionally, unlike glucose, the metabolism of fructose is
not regulated by insulin. Moreover, glucokinase has a
much higher Km for glucose compared to the Km of
fructokinase for fructose.”” Thus, the metabolism of fructose,
as compared to glucose, is much more rapid, leading to
intracellular adenosine triphosphate (ATP) depletion.!”'
Much of the triose-phosphates produced from fructose
metabolism are then converted into glucose and glycogen
via gluconeogenesis.'

Under normoglycaemia, only 3% of glucose is metabolised by
the polyol pathway.* However, during hyperglycaemic
conditions (i.e. blood glucose > 126 mg/dL) this increases to
more than 30%."% The polyol pathway is also increased with
hyperuricemia.” Consumption of added sugars (which contain
fructose) undoubtedly increases fructogenesis (the endogenous
production of fructose from glucose) by promoting insulin
resistance and subsequent hyperglycemia,?* as well as
hyperuricemia, all of which activates the polyol pathway.** An
increase in the polyol pathway can lead to oxidative stress* by
depleting NADPH when glucose is first converted to sorbitol
in the first step of the pathway (because of a reduction in
glutathione levels).?

Additionally, oxidative stress is generated during the second
step of the polyol pathway (conversion of sorbitol into
fructose), causing the cofactor NAD* to be converted to
NADH by sorbitol dehydrogenase (SDH). As NADH is a
substrate for NADH oxidase, this increases the production of
superoxide anions.*** Finally, the endogenously produced
fructose can be further metabolised into fructose-3-
phosphate, 3-deoxyglucosone and methylglyoxal,” which
leads to non-enzymatic glycation reactions, even more so
than glucose or fructose (despite much lower concentrations
compared to glucose).®* Thus, fructose metabolites are
likely more relevant in the formation of advanced glycation
end products (AGEs).” AGEs, formed from the non-
enzymatic reaction of sugars with proteins, lipids and nuclear
acids, are constantly building up within the body, particularly
in diabetics. Their binding with receptor for advanced
glycation end products (RAGEs) leads to proxidant and
proinflammatory reactions.® An increase in the metabolism
of fructose (via activation of the polyol pathway — as well as
increased consumption of dietary fructose) will inevitably
lead to increased AGE formation and subsequent elevation in
reactive oxygen species (ROS) generation.* It is well-known
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that diabetics have increased oxidative stress manifested as
elevated levels of oxidised DNA, proteins and lipids.*' This is
likely caused by the activation of the polyol pathway and the
subsequent damaging effects of glucose being converted to
sorbitol and fructose.?* Indeed, sorbitol cannot cross cellular
membranes and may create hypertonic conditions within
tissues, leading to microvascular complications and further
activation of the polyol pathway.**

These abnormalities are also perpetuated by hyperglycaemia,
which can lead to oxidative stress via the production of
superoxide in the mitochondria (through excess energetic
substrates in the electron transport chain, leading to
inadequate buffering of free radical intermediates),” auto-
oxidation of glucose* and through the formation of AGEs*
(as well as through the interaction between AGEs and
RAGESs).#% Additionally, glycation of superoxide dismutase
can decrease antioxidant defence systems through
inactivation of antioxidant enzymes.*?® Thus, AGE formation
likely plays a major role in fructose-induced oxidative stress.

When the polyol pathway is upregulated, this sets the stage
for increased damage in the body from the consumption of
refined carbohydrates (e.g., starch — providing just glucose —
or sucrose/HFCS — providing fructose + glucose); as more
glucose is converted to fructose. In essence, the
overconsumption of added fructose induces a state where the
consumption of glucose and starch becomes even more
harmful — by shunting more glucose towards fructogenesis
with subsequent harmful metabolic pathways (and
intermediates) that follow. As glucose can be converted to
fructose (fructogenesis) via the polyol pathway in multiple
tissues, including the eyes, testis, liver, placenta, ovary,
kidney, erythrocyte, cardiac and skeletal muscle, and the
brain,* the harms of consuming fructose-containing added
sugars (e.g. HFCS and sugar) likely extends beyond the
kidney.

It is generally thought that fructose metabolism does not
occur to a significant degree in extrahepatic cells.' This belief
comes from short-term feeding studies looking at fructose
concentrations in the plasma. However, multiple metabolic
states increase the absorption of fructose (e.g. diabetes,
hyperglycaemia, hyperuricemia, ischemia),** especially
with continued consumption (inducing epigenetic changes
leading to upregulation of its own absorption transporter,*
leading to enhanced fructose absorption). Hence, longer
trials would undoubtedly show much higher levels of plasma
fructose compared to acute-feeding studies. Additionally,
multiple cells throughout the body can convert glucose to
fructose, ®and thus the extent of fructose metabolism (via the
polyol pathway) in extrahepatic cells is likely greatly
underestimated, especially in those who are insulin-
resistant.”* Moreover, GLUT-5 receptors are found in the
small intestine, testis, kidney, skeletal muscle and adipose
tissue, indicating that fructose uptake and subsequent
metabolism in these tissues may also lead to significant
metabolic derangements.** Fructose is elevated in the serum




of diabetic patients, probably because of a number of factors,
including increased fructose consumption but also insulin
resistance and enhanced fructose absorption. Indeed, insulin
resistance can lead to the loss of GLUT-5 in adipocytes
(decreases in GLUT-5 surface density, and decreases in
fructose transport and utilisation rates) — decreasing the
shunting of fructose into adipocytes, with more being
available to other tissues. Indeed, kidney GLUT-5 levels are
not reduced in number with insulin resistance, and thus
would likely be exposed to a greater influx of fructose and
subsequent metabolic harms of its metabolism.”

Fructose and the kidney

Despite similar levels of hyperglycaemia and haemoglobin
Alc (Alc) in streptozotocin-induced diabetic mice, the
inability of mice to metabolise fructose leads to improved
renal function and less renal injury.? This was found even
though the diet lacked fructose, indicating that endogenous
fructose production and its subsequent metabolism is indeed
harmful to the kidney. The study compared the differences
between the metabolic profile of khk-/- (mice lacking
fructokinase-ketohexokinase) and wild-type mice. Mice
lacking the ability to metabolise fructose (khk-/-) had
improved tubular function [measured by lower fractional
excretion of phosphate], kidney/body weight ratio, body
weight, serum creatinine levels, blood urea nitrogen (BUN)
levels and creatinine clearance. There were also fewer
enlargements of tubular luminal areas, collagen III deposition
(a marker of interstitial collagen) and tubular injury (loss of
brush border area and N-acetyl-b-p-glucosaminidase, a
biomarker of tubular injury).?' Despite the fact that fructose is
not metabolised in the glomeruli, there was also glomerular
protection indicated by reduced glomerular size and less
glomerular expansion and less mesangial collagen IV
deposition, and likely a reduction in glomerular permeability
to protein or improved proximal tubular function (indicated
by less urinary albumin excretion). Additionally, non-renal
measurements, such as serum triglycerides, cholesterol and
uric acid, tended to be lower in diabetic mice lacking the
ability to metabolise fructose. This suggests that fructose
metabolism plays a role in diabetic dyslipidaemia. The
inability of diabetic mice to metabolise fructose protects them
from renal damage,” supporting the notion that fructokinase
is a promoter of DKD, at least in mice.” This was despite a
similar degree of diabetes (hyperglycaemia and Alc) between
mice that could and could not metabolise fructose and a lack
of fructose in the diet. Increased sorbitol and fructose
concentrations in the kidney may be novel biomarkers for
risk of renal damage.?" In summary, fructose derived from the
diet or from the polyol pathway (endogenous conversion
from glucose) is a nephrotoxin.” Indeed, feeding rats fructose
leads to tubulointerstitial injury*® and accelerates the
progression of CKD,* which was not seen with dextrose.*

Fructose-induced ATP depletion and uric acid generation
leads to oxidative stress and inflammation in tubular cells.?'*
This may be caused by an increase in renal cortical levels of
superoxide.?! Cells that are exposed to high glucose levels
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activate aldose reductase, increasing the formation of sorbitol
and fructose from glucose.?’ The endogenous production of
fructose from glucose (fructogenesis), and the subsequent
reduction in ATP and increase in uric acid, contributes to
high glucose-induced inflammation (inflammatory cytokine
and chemokine expression) and increased macrophage
infiltration in the kidney? As diabetic nephropathy is
associated with the presence of macrophage in the glomeruli
and the interstitium,* fructogenesis could be a contributor.”
Additionally, the elevation in uric acid found with dietary
fructose or fructogenesis may activate aldose reductase,
increasing sorbitol accumulation. This was shown in mice
that were able to metabolise fructose.? As sorbitol is
impermeable to cellular membranes, its increase may lead to
osmotic damage and cell death.®

Fatty acids are a major source of energy (ATP) for kidney
cells.'*¥# As fructose can induce insulin resistance, >
which prevents fatty acids from being utilised by the body
when insulin levels are elevated,” this may also lead to
kidney cell damage. Proximal kidney damage induced by
fructose may also lead to glomerular damage. Indeed, the
tubular damage could cause reflex arteriolar vasodilation
causing increased glomerular pressure.?’”'*? Repeated
damage to the proximal tubule is proposed as a mechanism
for promoting diabetic nephropathy, and fructose may be the
causative factor.”*

Aldose reductase is increased in diabetes.? In animal models
of diabetes, aldose reductase inhibitors (ARIs) prevent
hyperglycaemia-induced increases in sorbitol levels in the
glomerulus. An over-activation of aldose reductase is linked
with kidney disease, AGEs, and ROS. Furthermore, a
deficiency in aldose reductase seems to prevent the
development of nephropathy in animal models of diabetes.
What all of this suggests is that activation of aldose reductase
in the kidney contributes to diabetic nephropathy as well as
other complications.**

When aldose reductase is upregulated, nicotinamide adenine
dinucleotide phosphate (NADPH) gets depleted upon
glucose conversion to sorbitol.*® Since NADPH acts as a
cofactor for regenerating intracellular glutathione in cells, its
depletion leads to a reduction in the antioxidant capacity
of the cells and a reduction in protection from oxidative
stress.® Fructose produced from the polyol pathway can
lead to the production of fructose-3-phosphate and then
3-deoxyglucosone, which can then result in the production
of AGEs.>* The metabolism of sorbitol by SDH alters the
NADH/NAD+ ratio, which likely increases the production
of ROS by stimulating NADH oxidase. In type 2 diabetes,
postprandial fructose levels are associated with retinopathy,
and animal data have shown that fructose is the component
of sucrose that leads to retinopathy.> Aldose reductase is
involved in the development of diabetic retinopathy and the
use of ARIs have been found to prevent or reduce diabetic
retinopathy.*® Thus, a total shut down of the polyol pathway
is likely more beneficial than simply inhibiting fructokinase.




The consumption of fructose causes renal injury in
animals,®*% and fructose or sucrose feeding causes diffuse
glomerulosclerosis, diabetic microangiopathy, intercapillary
glomerulosclerosis and neuropathy in rodents.®®**% Non-
diabetic rats given diets containing or yielding fructose had
an increased kidney weight to body weight than those fed
glucose, with the higher the level of fructose ingestion
leading to a greater increase in the ratio.®’ Additionally,
the non-diabetic rats given glucose were free from renal
pathological lesions, whereas most rats ingesting fructose
or sucrose diets developed diffuse glomerulosclerosis
and/ or tubular atrophy. Thus, the fructose moiety of
sucrose is responsible for renal damage in rats fed
sucrose.®! Indeed, in rats pure fructose has been found to
cause kidney hypertrophy, glomerular hypertension, cortical
vasoconstriction and arteriolopathy of preglomerular
vessels.®

Effects of fructose on kidney
function in humans

Initially in 2008, a cross-sectional analysis using data from
the National Health and Nutrition Examination Survey
(NHANES), 1999-2004, representing United States
population sample, described the possible link between
sugar-rich soda consumption and albuminuria. It concluded
that weighted albuminuria (> 17 mg/g in males and
> 25 mg/g in females) prevalence was 11% and 17% in those
who consumed more than two sugary soda drinks per day.*®
The associations between albuminuria and soda consumption
was modified by gender (p = 0.008) and overweight/obesity
(p = 0.014). The odds ratio among women was 1.86, however
in males it was insignificant. Sodas not containing sugar (diet
sodas) were not associated with albuminuria.®® Several other
studies (case-control, cross-sectional and prospective cohort)
have found that consuming anywhere from 1 to 2 or more
sodas per day is associated with kidney disease or worsening
kidney function (as measured by diagnosed kidney disease,
estimated glomerular filtration < 60 mL/min, urine albumin-
to-creatinine ratio, albuminuria and estimated glomerular
filtration rate decline of > 30%).646>%

Apart from direct effects on the kidney, there is a significant
amount of evidence describing persistent ongoing
inflammation in patients with metabolic syndrome who have
varying degrees of kidney function.”” Fructose has been
shown to induce an inflammatory response because of its
metabolism by ketohexokinase in the proximal tubule.
Similarly, fructose has been shown to upregulate intracellular
adhesion molecule (ICAM-1) in cultured human aortic
endothelial cells, causing endothelial dysfunction adding to
ongoing inflammation, which was not the case with glucose.”
Thus, a proinflammatory milieu induced by fructose
consumption may be a principal driver of CKD in humans.
However, more clinical trials are needed.

Brymora et al. conducted a pilot study to observe the effects
of lowering fructose intake in patients with Stage 2 and Stage
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3 CKD (mean eGFR 47 mL/min/1.73 m?). They compared 28
patients (age 59 + 15 years, 17 males and 11 females) who
were switched from a basal fructose diet (60.0 g/24 h) to a
reduced (12.0 g/24 h) fructose diet for 6 weeks.®® They were
then resumed on their regular diet for another 6 weeks. Some
critically important findings on the low-fructose diet versus
the basal diet included lower serum uric acid (6.6 + 1.0 mg/
dL vs. 7.1 + 1.3, p < 0.1) and significantly reduced fasting
serum insulin (8.2 £2.9 vs. 11.2 + 6.1 mIU/mL, p < 0.05). The
levels of high sensitivity C-reactive protein (hsCRP) and
soluble intercellular adhesion molecule (SICAM) were also
significantly reduced with reduction in fructose intake.
Importantly, creatinine clearance was higher and proteinuria
was lower in the low-fructose diet versus the regular diet
(45 mL/min/1.73 m? vs. 39 mL/min/1.73 m? and 0.12 g/24
h vs. 0.05 g/24 h).®® Although differences regarding kidney
endpoints were not statistically significant, the trend for
benefit in just 6 weeks is rather promising. Therefore, larger
and longer clinical trials should be performed lowering the
intake of added fructose to establish the effects in patients
with CKD. Box 1 summarises plausible mechanisms of
fructose-induced kidney damage and Box 2 provides final
summaries.

Conclusion

A reduction in added sugars should be stressed as a dietary
modification to prevent and treat CKD and its complications.
This helps to prevent worsening kidney function and also
protects against other complications such as diabetes, the
metabolic syndrome and cardiovascular disease. The fructose

BOX 1: Plausible mechanisms of fructose-induced kidney damage.

Promotes insulin resistance, hyperglycaemia and hyperuricemia.

Activates the polyol pathway increasing the formation of sorbitol and fructose
from glucose. Sorbitol leads to osmotic damage and cell death.

Creates insulin-resistant adipocytes leading to further hyperglycaemia and
elevations in fructose levels.

Reduces fatty acid utilisation by the kidneys because of insulin resistance.
Leads to oxidative stress by:

¢ Reducing glutathione levels.
e Increasing the production of superoxide anions via the polyol pathway.
o ATP depletion and uric acid generation.

Produces proinflammatory and pro-oxidant advanced glycation end products.

Increases macrophage infiltration in the kidney.

BOX 2: Final summaries.

The increase in the consumption of added sugars, particularly sugar-sweetened
beverages has paralleled the rise in chronic kidney disease in the Western world.

The fructose moiety of sucrose is more responsible for renal damage than glucose
and is likely a direct cause of diabetic nephropathy (causes direct damage to
proximal tubule and indirect damage to the glomerulus).

Fructose exerts oxidative stress in the kidney via glutathione depletion, increased
aldose reductase activity (activation of the polyol pathway), ATP depletion and
uric acid generation, thus accelerating kidney complications.

Fructose or sucrose (i.e. table sugar) is worse than dextrose or glucose in causing
kidney damage.

Fructokinase is a promoter of diabetic kidney disease.

By activating the polyol pathway (shunting more glucose towards fructogenesis)
fructose makes dietary glucose (starch) more harmful.

Sorbitol and fructose levels in the kidney may be used as novel biomarkers to
predict CKD risk.

Several other studies (case-control, cross-sectional and prospective cohort) have
found that consuming anywhere from 1 to 2 or more sodas per day is associated
with kidney disease or worsening kidney function.




moiety in sucrose seems to be a more nephrotoxic culprit
than the glucose. CKD guidelines should recommend for a
limited consumption of added fructose.
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