
BASIC RESEARCH www.jasn.org

Endogenous Fructose Production and Fructokinase
Activation Mediate Renal Injury in Diabetic
Nephropathy

Miguel A. Lanaspa,* Takuji Ishimoto,* Christina Cicerchi,* Yoshifuru Tamura,*
Carlos A. Roncal-Jimenez,* Wei Chen,* Katsuyuki Tanabe,* Ana Andres-Hernando,*
David J. Orlicky,* Esteban Finol,*† Shinichiro Inaba,* Nanxing Li,* Christopher J. Rivard,*
Tomoki Kosugi,‡ Laura G. Sanchez-Lozada,*§ J. Mark Petrash,* Yuri Y. Sautin,| A. Ahsan Ejaz,¶

Wataru Kitagawa,* Gabriela E. Garcia,* David T. Bonthron,** Aruna Asipu,**
Christine P. Diggle,** Bernardo Rodriguez-Iturbe,† Takahiko Nakagawa,*††

and Richard J. Johnson*

*The Division of Renal Diseases and Hypertension, Department of Medicine, University of Colorado, Denver,

Colorado; †Venezuelan Scientific Research Institute and University Hospital of Zulia, Maracaibo, Venezuela;
‡Department of Nephrology, Nagoya University Graduate School of Medicine, Nagoya, Japan; §Laboratory of Renal

Physiopathology and Department of Nephrology, INC Ignacio Chavez, Mexico City, Mexico; |Division of Nephrology

and Hypertension, and ¶Division of Nephrology, Hypertension, and Transplantation, University of Florida, Gainesville,

Florida; **Leeds Institute of Biomedical & Clinical Sciences, University of Leeds, Leeds, United Kingdom; and ††TMK

Project, Kyoto University Graduate School of Medicine, Kyoto, Japan

ABSTRACT

Diabetes is associated with activation of the polyol pathway, in which glucose is converted to sorbitol by

aldose reductase. Previous studies focused on the role of sorbitol in mediating diabetic complications.

However, in the proximal tubule, sorbitol can be converted to fructose, which is then metabolized largely

by fructokinase, also known as ketohexokinase, leading to ATP depletion, proinflammatory cytokine

expression, and oxidative stress. We and others recently identified a potential deleterious role of dietary

fructose in the generation of tubulointerstitial injury and the acceleration of CKD. In this study, we

investigated the potential role of endogenous fructose production, as opposed to dietary fructose, and its

metabolism through fructokinase in the development of diabetic nephropathy. Wild-type mice with

streptozotocin-induced diabetes developed proteinuria, reducedGFR, and renal glomerular and proximal

tubular injury. Increased renal expression of aldose reductase; elevated levels of renal sorbitol, fructose,

and uric acid; and low levels of ATP confirmed activation of the fructokinase pathway. Furthermore, renal

expression of inflammatory cytokines with macrophage infiltration was prominent. In contrast, diabetic

fructokinase–deficient mice demonstrated significantly less proteinuria, renal dysfunction, renal injury,

and inflammation. These studies identify fructokinase as a novel mediator of diabetic nephropathy and

document a novel role for endogenous fructose production, or fructoneogenesis, in driving renal disease.

J Am Soc Nephrol 25: 2526–2538, 2014. doi: 10.1681/ASN.2013080901

Diabetic nephropathy is the most common kidney

disease causing ESRDworldwide and also one of the

most difficult diseases to treat. To date, treatment

includes tight blood glucose and BP control and

inhibition of the renin-angiotensin-aldosterone

system. These efforts typically slow but do not

arrest the progression of kidney disease.1 It is there-

fore imperative to better understand the
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mechanisms responsible for renal injury and to develop addi-

tional therapies.

Recently, fructose has emerged as a potential nephrotoxin.

Fructose-fed rats develop modest tubulointerstitial injury,2

and fructose supplementation accelerates renal disease in the

remnant kidney model.3While all studies to date have focused

on dietary fructose as the source of fructose, fructose can also

be generated from glucose in diabetes because of the activation

of the polyol pathway in the proximal tubule. To date, no

studies have examined the role of this endogenous fructose

production or fructoneogenesis in driving diabetic nephrop-

athy. Therefore, we tested the hypothesis that mice lacking

fructokinase-ketohexokinase (khk2/2) show protection

from diabetic nephropathy, even in the absence of dietary

fructose, as a result of their inability to metabolize endoge-

nously produced fructose.

RESULTS

khk2/2 Mice Have Improved Body Weight and Renal

Function Compared with Wild-Type Mice Despite

Similar Levels of Blood Glucose
As shown in Table 1, the injections of streptozotocin in both

khk2/2 and wild-type mice resulted in similar levels of hy-

perglycemia and blood hemoglobin A1c. Both groups dem-

onstrated increased kidney size and significant loss of body

weight compared with nondiabetic animals. In addition, se-

rum levels of creatinine and BUN were increased, indicating

reduced renal function. When diabetic groups were compared

with each other, diabetic khk2/2 mice demonstrated im-

proved kidney/body weight ratio, body weight, serum creati-

nine levels, BUN levels, and creatinine clearance compared

with diabetic wild-type mice. Of interest, we observed that

several nonrenal measures, including serum triglycerides,

cholesterol, and uric acid tended to be lower in diabetic

khk2/2 mice than in diabetic wild-type mice (Table 1).

Improved Renal Function Is Associated with Better

Tubular Histology and Less Injury in Diabetic khk2/2

Mice

Because KHK expression in the kidney is limited to the

proximal tubule,4,5 we first analyzed the tubulointerstitium in

diabetic wild-type and khk2/2 mice. Tubular dilatation, a

marker of osmotic polyuria and tubular injury in diabetic

nephropathy,6,7 was evaluated using periodic acid-Schiff

(PAS)–stained kidneys. Unlike nondiabetic mice (Figure 1,

A, C, and E), diabetic wild-type mice had significantly en-

larged tubular luminal areas (Figure 1, B and, E), which

were significantly reduced in diabetic khk2/2 mice (Figure

1, D and E). In addition, collagen III deposition, a marker of

interstitial collagen, was significantly increased in diabetic

wild-type mice compared with diabetic khk2/2 and nondia-

betic mice (Figure 1, F–J). The increase in collagen III depo-

sition was associated with significantly higher levels of TGF-b

mRNA in the kidney cortex of diabetic wild-type mice (Figure

1K).

To determine whether the tubular dilatation in diabetic

wild-type mice was associated with a significant loss of brush

border area, a marker of tubular injury, we examined the

expression of the angiotensin-converting enzyme (ACE) in the

brush border. Diabetic wild-type mice possessed significantly

reduced levels of ACE compared with diabetic khk2/2 and

nondiabetic mice by both immunohistochemistry (Figure 2,

A–C) and Western blot from renal cortex homogenates (Fig-

ure 2D). Consistent with greater brush border levels, urinary

levels of neutrophil gelatinase-associated lipocalin (NGAL)

and N-acetyl-b-d-glucosaminidase (NAG), biomarkers of tu-

bular injury, were significantly lower in diabetic khk2/2mice

than in wild-type mice (Figure 2, E and F). The reduced

Table 1. Overall parameters in nondiabetic and diabetic (10 weeks) wild-type and khk2/2 mice

Variable Nondiabetic WT Mice Nondiabetic khk2/2Mice Diabetic WT Mice Diabetic khk2/2Mice

Body weight (g) 35.0261.11 32.3660.85a 20.5462.59b 26.3860.48c,d

Blood glucose (mg/dl) 114624 109620 375676b 359690b

Hemoglobin A1c (%) 5.361.2 4.961.6a 9.260.6b 8.960.6b

Kidney weight/body weight ratio 0.00960.006 0.00860.001 0.02860.002b 0.01660.002e

BUN (mg/dl) 24.365.6 22.363.3 64.667.8b 34.366.3c,d,e

Serum creatinine (mg/dl) 0.2460.09 0.2260.03 0.5460.07b 0.4260.06b,e

Creatinine clearance (ml/min) 0.8760.16 0.9660.13 0.3360.16b 0.7860.12c

Triglycerides (mg/dl) 133616 100619 245631b 160626d,e

Cholesterol (mg/dl) 11469.4 110614.1 151616.5e 114610.2

Uric acid (mg/dl) 2.5460.2 2.5860.2 3.3360.3b 2.8660.1d

Values are expressed as mean6SD. WT, wild-type.
aP,0.05 versus nondiabetic WT mice.
bP,0.01 versus respective nondiabetic controls.
cP,0.01 versus diabetic WT mice.
dP,0.05 versus respective nondiabetic controls.
eP,0.05 versus diabetic WT mice.
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tubular injury observed in diabetic khk2/2 mice was paral-

leled by improved tubular function, as determined by a sig-

nificantly lower fractional excretion of phosphate (Figure 2G).

Improved Renal Function Is Associated with Better
Glomerular Histology and Function in Diabetic khk2/2

Mice

Although KHK is not expressed in glomeruli, there was some

evidence of glomerular protection in diabetic KHK knockout

mice. We did not observe significant glomerular hypertrophy

in any group (Figure 3, A–E), but diabetic khk2/2mice ten-

ded to have reduced glomerular size and significantly less glo-

merular expansion compared with diabetic wild-type mice

(Figure 3F). Indeed, mesangial collagen IV deposition was

significantly increased in diabetic wild-type but not khk2/2

mice (Figure 3, G–K).We also observed a significant reduction

in urinary albumin excretion (corrected for urinary creati-

nine) compared with diabetic wild-type mice, which could

indicate reduced glomerular permeability to protein or im-

proved proximal tubular function with better tubular protein

reabsorption (Figure 3L).

Polyol Pathway Is Activated in Kidney

Cortex of Diabetic Mice, Where It

Produces Endogenous Fructose to Be

Metabolized by KHK

Because thesemice did not receive fructose in

the diet, we evaluated whether endogenous

fructose was being produced via the polyol

pathway. Fructose can be produced “endoge-

nously” from glucose by the polyol pathway, a

molecular route activated in diabetes in mul-

tiple tissues.8,9To determinewhether diabetes

activates the polyol pathway in the kidney cor-

tex, we analyzed the expression of aldose re-

ductase (AR), the initial rate-limiting enzyme

in this pathway. In the normal kidney, AR is

primarily expressed in the inner medulla and

papilla, with little or no expression in the out-

er medulla and cortex (Figure 4A). In con-

trast, under diabetic conditions, wild-type

mice and diabetic khk2/2 mice expressed

significantly higher levels of AR, as demon-

strated by immunohistochemistry (Figure 4,

B andC, top panels) andWestern blot (Figure

4D). Although diabetic khk2/2 tended to

show reduced AR expression in the kidney

cortex compared with diabetic wild-type

mice, this didnot reach statistical significance.

Furthermore, cortical AR activity andmRNA

levels did not differ between both diabetic

groups (Figure 4, E and F).The expression

of KHK was also upregulated in diabetic

mice compared with nondiabetic mice (Fig-

ure 4, G–I), consistent with higher overall

KHK activity (Figure 4K). Analysis of

mRNA expression from kidney cortex of diabetic wild-type

mice demonstrated that both isoforms of KHK (KHK-A and

KHK-C) were upregulated in the kidney cortex (Figure 4J). Con-

sistent with the increased expression of AR, levels of sorbitol and

fructose were equally upregulated in kidney cortex extracts. This

finding indicates activation of the polyol pathway in diabetic ani-

mals (Figure 4, L and M), although cortical sorbitol levels in di-

abetic khk2/2mice were significantly lower than those found in

the cortex of diabetic wild-type mice. Even though we did not

observe significantly higher cortical fructose levels in diabetic

khk2/2 mice compared with diabetic wild-type mice, we

found a significant increase in urinary fructose in diabetic

khk2/2 compared with the rest of the groups, indicating that

excessive endogenous fructose is secreted into the urine (Figure

4N).

Polyol Pathway Contributes to Increased Production of

Proinflammatory Cytokines and Chemokines by

Proximal Tubule Cells Exposed to High Glucose

We have previously shown that fructose-dependent ATP

depletion and uric acid generation is an important step in

Figure 1. Reduced tubular injury in diabetic khk2/2 mice compared to wild-type
siblings. (A–D) Representative kidney sections stained with PAS in nondiabetic and
diabetic wild-type mice and khk2/2 mice. Tubular area is shown. No significant tu-
bular dilatation was observed in nondiabetic wild-type (A), khk2/2 (C), or diabetic
khk2/2 (D) mice compared with diabetic wild-type mice (B). Original magnification,
320 in A–D. (E) Quantification of lumen area in all groups. (F–I) Representative kidney
sections stained for collagen III in nondiabetic and diabetic wild-type and khk2/2 (H
and I) mice. Tubular area is shown. (J) Quantification of collagen III–positive area in all
groups. (K) Quantification of TGF-b mRNA levels in kidney cortex of all groups. (n=6).
D, diabetic wild-type; ND, nondiabetic wild-type. Mean6SEM. *P,0.05 and **P,0.01
versus respective nondiabetic control; #P,0.05; ##P,0.01.
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fructose-induced oxidative stress and inflammation in tubular

cells.10 Consistent with this observation, uric acid levels in the

renal cortex were increased only in diabetic wild-type mice

(Figure 5A), in parallel with a significant reduction in overall

ATP levels (Figure 5B). Furthermore, we used dihydroethidium

to analyze renal cortical levels of superoxide and found signifi-

cantly higher levels in diabetic wild-type mice compared with

other groups (Figure 5, C and D).

Because we have previously reported that the metabolism of

fructose by cultured proximal tubular cells results in a KHK-

dependent induction of monocyte chemoattractant protein-1

(MCP-1, also known as CCL2 in mice) and oxidative stress,10 we

assessed whether inflammatory cytokines and chemokines were

expressed and regulated in our culture model and whether ex-

pressionwould be altered in the khk2/2mice. Tobetter assess the

role of high glucose in inflammation in proximal tubular cells, we

exposed human immortalized proximal tubular cells (HK-2) to

high glucose. As shown in Supplemental Figure 1, exposure of

cells to high glucose resulted in polyol activation as denoted by

significantly higher levels of sorbitol and fructose. Of interest,

when KHK expression is stably silenced using lentiviral particles

(Figure 6A) we found that exposure of control cells transducted

with lentiviral particles containing scramble (scr) RNA–deficient

but not khk-deficient cells to increasing levels of glucose resulted

in a dose-dependent activation of the transcription factor NF-kB

as determined with an specific NF-kB luciferase reporter cassette

(Figure 6B). Of interest, the activation of NF-kB observed in

control cells by high glucose (25 mM) was significantly blunted

when uric acid generationwas blockedwith allopurinol (100mM,

Figure 6C). Furthermore, silencing KHKexpression inHK-2 cells

also resulted in significantly reduced expression of cytokines (IL-

1b and IL-6), chemokines (MCP-1), and profibrotic genes (TGFb

Figure 2. Improved tubular function in diabetic khk2/2mice compared to wild-type siblings. (A and B) Representative kidney sections
stained for ACE in nondiabetic and diabetic wild-type mice and khk2/2 mice. Tubular area is shown. C, cortex; P, papilla. (A) Neg-
atively and positively staining controls. Original magnification, 32 in A; 320 in B. (C) Quantification of ACE-positive area in all groups.
(D) Representative Western blot for ACE from kidney cortex homogenates showing significantly lower ACE levels in diabetic wild-type
mice compared with nondiabetic mice and diabetic khk2/2 mice. (E) Quantification of urinary NGAL—corrected for creatinine levels—
in all groups. (F) Quantification of urinary NAG—corrected for creatinine levels—in all groups. (G) Quantification of fractional excretion
of phosphate in all groups. (n=6). D, diabetic wild-type; ND, nondiabetic wild-type. Mean6SEM. *P,0.05, **P,0.01, ***P,0.001
versus respective nondiabetic control; #P,0.05, ##P,0.01, and ###P,0.001.
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and FN1) in response to glucose (Figure 6D), as well as reduced

nuclear translocation of the NF-kB subunit p65 (Figure 6E). In

addition, the mechanism whereby high glucose induces inflam-

mation appears to be mediated by the polyol pathway activation

because exposure of cells to high glucose levels resulted in a sig-

nificant increase of AR expression (Figure 7A). Of interest, cyto-

kine and chemokine production (IL-1b, IL-6, and MCP-1) was

blocked when cells were preincubated with an AR inhibitor

(sorbinil, 10 mM), indicating that the polyol pathway contributes

to high glucose–induced inflammation in proximal tubular cells

(Figure 7A). To determine whether the effect observed by block-

ade of the polyol pathway in vitrowas due to endogenous fructose

generation, we determined the expression of the same proinflam-

matory cytokines and chemokines in the kidney cortex of diabetic

mice and found that IL-1b, IL-6, and CCL2 (MCP-1 homolog in

mice)mRNA levelswere significantly increased in the renal cortex

of diabetic wild-type mice compared with diabetic khk2/2mice

and nondiabetic controls (Figure 7B). Consistent with lower ex-

pression of the macrophage chemoattractant CCL2, we found

that diabetic khk2/2 mice possessed few cortical macrophages

compared with wild-type mice, as demonstrated by reduced

CD68 and F4/80 mRNA levels (Figure 7C). Furthermore, when

the inducible nitric oxide/Arg1 mRNA ratio was analyzed in the

kidney cortex, wild-type mice had a greater ratio, indicating the

presence of a greater M1 macrophage population (Figure 7D).

Together, these data suggest that tubular KHK drives inflamma-

tory cytokine and chemokine expression as a consequence of me-

tabolism of fructose generated from the polyol pathway.

Reduced Macrophage Infiltration in Diabetic Khk2/2

Mice Compared with Diabetic Wild-Type Mice

Diabetic nephropathy is associated with low-grade inflamma-

tion characterized by the presence of macrophages in both

glomeruli and the interstitium.11 Inhibition of the infiltrating

Figure 3. Improved glomerular function and injury in diabetic khk2/2 mice compared to wild-type siblings. (A–D) Representative
kidney sections stained with PAS in nondiabetic and diabetic wild-type mice and khk2/2 mice. Glomerular area is shown. No sig-
nificant glomerular hypertrophy was observed in any group. Original magnification, 340 in A–D and G–J. (E) Quantification of glo-
merular area in all groups. (F) Quantification of mesangial area expansion in all groups. (G–J) Representative kidney sections stained for
collagen IV in nondiabetic and diabetic wild-type and khk2/2 mice. (K) Quantification of collagen IV–positive area in all groups. (L)
Quantification of urinary albumin in all groups. (n=6). D, diabetic wild-type; ND, nondiabetic wild-type. Mean6SEM. *P,0.05 and
**P,0.01 versus respective nondiabetic control; #P,0.05 and ##P,0.01.
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macrophages is associated with amelioration of diabetic ne-

phropathy in various models.12–14 Because the increased renal

expression of CCL2 was prevented in diabetic khk2/2 mice,

we hypothesized that the absence of KHK might lead to less

infiltration ofmacrophages in the renal cortex. Staining for the

macrophage marker, CD68, documented fewer macrophages

in the tubulointerstitium compared with diabetic wild-type

mice (Figure 8, A–D). In particular, 62% of CD68-positive

cells were found surrounding the tubules in which the expres-

sion of brush border (detected by phalloidin staining) was lost.

We also observed fewer macrophages in glomeruli of diabetic

khk2/2 mice compared with diabetic wild-type controls

(1263 versus 462, respectively) (Figure 8, E–G).

DISCUSSION

Previous studies have shown that dietary fructose can induce

tubulointerstitial injury2 and accelerate CKD.3 However, the

amounts of exogenous fructose needed to induce renal injury

and dysfunction are too high to be clinically relevant. Here, we

demonstrate that the production of endogenous fructose or

Figure 4. Aldose reductase and the polyol pathway are activated in the kidney cortex of diabetic mice. (A–C) Representative kidney
sections stained for AR in nondiabetic and diabetic wild-type mice and khk2/2 mice. Whole kidney (top) and tubular area (bottom) is
shown. Original magnification, 32 in A–C and G, top images; 320 A–C and G, bottom images. (D) Representative Western blot for AR
from kidney cortex homogenates demonstrating significantly increased expression in diabetic mice compared with nondiabetic ani-
mals. NS, nonspecific band. (E) Quantification of AR activity in kidney cortex homogenates in all groups. (F) Quantification of kidney
cortex AR mRNA expression in all groups. (G–I) Representative kidney sections stained for KHK in nondiabetic and diabetic wild-type
mice and khk2/2 mice. Whole kidney (top) and tubular area (bottom) are shown. (J) Quantification of isoforms A and C of KHK in
kidney cortex of all groups. (K) Quantification of kidney cortex KHK activity in all groups. (L) Quantification of renal cortical sorbitol
levels in all groups. (M) Quantification of renal cortical fructose in all groups. (N) Quantification of urinary fructose levels—normalized
to urinary creatinine—in all groups. (n=6). D, diabetic wild-type; ND, nondiabetic wild-type. Mean6SEM. *P,0.05, **P,0.01, and
***P,0.001 versus respective nondiabetic control; #P,0.05, ##P,0.01, and ###P,0.001.
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fructoneogenesis in the proximal tubule of diabetic mice is

important and sufficient to induce renal injury characterized

by tubulointerstitial inflammation, injury,

and dysfunction. Diabetes was induced

with the standard National Institutes of

Health protocol of streptozotocin,15 and

following the treatment, both wild-type

and khk2/2mice had similar levels of hy-

perglycemia and hemoglobin A1c. Diabetic

wild-type mice developed modest renal in-

jury, with reduced renal function, protein-

uria, mesangial expansion, and low-grade

tubular injury. Despite the similar degree of

diabetes, the diabetic khk2/2 knockout

mice were largely protected from renal dis-

ease and had significantly better renal func-

tion, lower albuminuria, and less histologic

tubular injury and urinary NGAL excre-

tion. Renal protection was associated with

less expression of inflammatory cytokines

and with a reduced local inflammatory re-

sponse. While the greatest protection was

in the tubulointerstitium, mesangial colla-

gen expansion and glomerularmacrophage

accumulation also decreased. Hence, these

studies have identified fructokinase as a

novel mediator of diabetic renal disease.

The observation that fructokinase

knockout mice were protected from di-

abetic nephropathy (Figure 9) strongly

suggests that the renal injury was mediated

by the endogenous production of fructose

by the polyol pathway because no fructose

was present in the diet. The polyol pathway

uses AR and sorbitol dehydrogenase to generate fructose from

glucose. The polyol pathway is known to be induced in

Figure 5. Reduced renal uric acid and oxidative stress in diabetic khk2/2 mice compared to wild-type siblings. (A) Quantification of
renal cortex uric acid levels in all groups. (B) Quantification of renal cortex ATP levels in all groups. (C) Representative images of DHE
staining demonstrating increased nuclear staining in diabetic wild-type mice compared with the rest of the groups. Original magni-
fication, 320. (D) Fluorescence intensity quantification of DHE in all groups. D, diabetic wild-type; ND, nondiabetic wild-type.
Mean6SEM. **P,0.01 versus respective nondiabetic control; #P,0.05 and ##P,0.01.

Figure 6. Fructose metabolism blockade is associated with reduced inflammation in
proximal tubular cells exposed to high glucose levels. (A) Representative Western blot
of HK-2 cells control (Scr [scramble]) and stably silenced for KHK expression (Dkhk). (B)
Luciferase units—normalized to b-gal expression—in scr and Dkhk cells transfected
with an NF-kB-luciferase reporter cassette and exposed to increasing levels of glu-
cose. (C) Luciferase units—normalized to b-gal expression—in regular HK-2 cells
transfected with an NF-kB-luciferase reporter cassette and exposed to high glucose
(HG; 25 mM) in the presence or absence of allopurinol (100 mM). (D) Quantification of
mRNA levels of cytokines (IL-1b and IL-6), chemokines (MCP-1), and fibrotic genes
(TGFb and FN1) in scr and Dkhk HK-2 cells exposed to high glucose levels (25 mM). (E)
Representative Western blot of p65 from nuclear extracts from scr and Dkhk cells
under control (ctrl) or high glucose conditions. Mean6SEM. *P,0.05 and **P,0.01
versus respective control; #P,0.05 and ##P,0.01.
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diabetes as a consequence of hyperglycemia, and we found

evidence for activation of this pathway in the kidneys of

both wild-type and KHK knockout diabetic mice, as noted

by increased AR mRNA and protein, and increased AR activ-

ity, as noted by increased renal sorbitol and fructose

concentrations. Thus, the diabetic state re-

sulted in activation of the polyol pathway

and endogenous production of fructose

that was particularly prominent in the re-

nal cortex.

Fructokinase is the principal enzyme for

metabolizing fructose andgenerates fructose-

1-phosphate.Unlikeother sugar-metabolizing

enzymes, the metabolism of fructose results

inATPdepletionduetophosphatesequestra-

tion as fructose-1-phosphate,4 with further

generation of uric acid, oxidants, and in-

flammatory proteins. The two major sites

of fructokinase expression are in the liver

and the proximal tubule. Activation of liver

fructokinase mediates fatty liver through a

process driven by oxidative stress and uric

acid generation.16 While most of the effects

of the hepatic metabolism of fructose are ex-

pected to act within the liver, hepatic fruc-

tose metabolism can raise serum uric acid

levels and serum lipids, which could be re-

sponsible for some of the effects in the kid-

ney. The decrease in serum lipids observed in

the KHK knockout mice is unlikely to be re-

sponsible for the renal protection (Table 1).

However, it is possible that increases in se-

rum uric acid induced by hepatic fructose

metabolism could have some effects on renal

disease. Raising uric acid in rats can induce

systemic and glomerular hypertension and

inducemicrovascular, glomerular, and tubu-

lointerstitial disease.17,18 Lowering uric acid

with allopurinol in diabetic mice has also

been associated with a reduction in renal in-

jury that is clinically similar to what we ob-

served in this study.19

Studies by Cirillo et al. showed that fruc-

tose can induce proximal tubular injury in

vitro through its metabolism by fructoki-

nase to generate oxidants and uric acid.10

In this study we documented the impor-

tance of proximal tubular fructokinase in

vivo, as shown by the presence of increased

cortical fructose, increased KHK expres-

sion, decreased ATP levels, and increased

cortical uric acid. Mice lacking fructoki-

nase showed less cortical uric acid accumu-

lation, suggesting that the cortical uric acid

reflected fructokinase activity. In turn, the

greatest renal protection was observed in the proximal tubules

and surrounding tubulointerstitium.

Glomerular injury was also prevented in diabetic khk2/2

mice, as noted by lessmesangial expansion and less glomerular

macrophage infiltration. The mechanism for the glomerular

Figure 7. Reduced inflammatory markers in the proximal tubule after blockade of
aldose reducatse and fructokinase. (A) mRNA expression of AR, cytokines (IL-1b and
IL-6), and the chemokine MCP-1 in HK-2 cells control (ctrl), and exposed to 25 mM
high glucose (HG) alone or in the presence of the AR inhibitor sorbinil (HGS; 10 mM).
*P,0.05 and **P,0.01 versus control; ##P,0.01. (B) Quantification of mRNA levels of
IL-1b, IL-6, and CCL2 in kidney cortex of diabetic wild-type and khk2/2 mice. (C)
Quantification of mRNA levels of the macrophage markers CD68 and F4/80 in kidney
cortex of diabetic wild-type and khk2/2 mice. (D) Quantification of mRNA ratio be-
tween inducible nitric oxide synthase (iNOS) and Arg1 in kidney cortex of diabetic
wild-type and khk2/2 mice. (n=6). D, diabetic wild-type; ND, nondiabetic wild-type.
Mean6SEM. *P,0.05 versus diabetic khk2/2.
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protection is unknown, but several possibilities could be pro-

posed. For example, uric acid is released into the circulation

following fructose metabolism, where it could act to induce

glomerular hypertension and injury.18 Uric acid is known to

stimulate MCP-1/CCL2 and oxidative

stress in vascular smooth muscle cells20,21

and endothelial cells.22,23 Experimentally,

uric acid has been shown to activate the

renin angiotensin system, induce micro-

vascular disease, alter renal autoregulation,

and increase glomerular hydrostatic pres-

sure.18,24 Fructose can also increase the ex-

pression of intercellular adhesion molecule-1

in vascular endothelial cells throughout

the kidney.25 In addition, selective injury to

the proximal tubule can result in glomer-

ular damage, possibly because of connect-

ing tubule glomerular feedback in which

reflex arteriolar vasodilation from tubular

damage causes increases in glomerular pres-

sure.26,27 Interestingly, repeated proximal

tubular damage has been proposed as a

pathogenic mechanism in the progression

of diabetic nephropathy.28 Further studies

are necessary to better understand the

mechanisms by which the absence of KHK

can influence tubular and glomerular

changes in diabetes.

An interesting finding in the study was

that renal sorbitol levels were lower in the

diabetic KHK2/2 mouse than the wild-

type diabetic mouse. There was also a ten-

dency for lower AR protein expression and

activity in diabetic KHK2/2 mice com-

paredwithwild-type diabeticmice, although

this was not significant. One potential expla-

nationmay relate to uric acid; we have found

that uric acid stimulates KHK expression29

and AR expression (unpublished data) in

liver cells. Indeed, uric acid levels were lower

in the cortex of diabetic KHK2/2 mice

compared with controls. However, further

studies would be necessary to test this

hypothesis.

One limitation of this study is that

streptozotocin injection in mice is associ-

ated with only mild diabetic nephropathy,

especially in the C57/BL6 background.

Therefore, it would be ideal to evaluate

the role of KHK inmodels ofmore advanced

nephropathy, such as those observed in the

endothelial nitric oxide synthase–deficient

mouse or in diabetic nephropathy–associated

strains, such as db/db or BTBR ob/ob.30–33

Nevertheless, the importance of this study

is that it identifies fructokinase as a new target for diabetic

renal disease. It also emphasizes the increasingly recognized

importance of the tubulointerstitium in diabetic renal dis-

ease.34–37

Figure 8. Fructokinase deficiency results in reduced macrophage infiltration in the
diabetic kidney. (A) Representative kidney sections stained for CD68 in diabetic wild-
type mice. Tubular area is shown. CD68 is represented in red pseudocolor and
phalloidin (polymerized actin) is represented in green pseudocolor. Nuclei are coun-
terstained with DAPI (blue). (B) Amplification from part A to better denote macrophage
presence underlying the basal membrane of injured tubules (no apical membrane
staining with phalloidin). (C) Representative kidney sections stained for CD68 in di-
abetic khk2/2 mice. Tubular area is shown. (D) Quantification of CD68 positive cells
per area in the tubular region in all groups. Original magnification, 363 in A and C;
340 in E and F. (E) Representative kidney sections stained for CD68 in diabetic wild-
type mice. Glomerular area is shown. (F) Representative kidney sections stained for
CD68 in diabetic khk2/2 mice. Glomerular area is shown. (G) Quantification of CD68
positive cells per area in the glomerular region in all groups. (n=6). D, diabetic wild-
type; ND, nondiabetic wild-type. Mean6SEM. *P,0.05 and **P,0.01 versus re-
spective nondiabetic control; ##P,0.01.
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Further studies investigating the roleof renal fructokinase in

both AKI and CKD appears to be warranted.

CONCISE METHODS

Mice
Global khk2/2 (deficient in both isoform A and C) and wild-type

controls in the C57/Bl6 background were generated and bred as de-

scribed previously.5,38 All mice were bred in the specific pathogen–

free barrier facility at the University of Colorado Denver. All animal

experiments were performed in accordance with the Animal Care and

Use Committee of the University of Colorado. In all experiments

described, male mice aged 6–8 weeks with a body weight of 22–25 g

were used. Diabetic nephropathy was induced by intraperitoneal in-

jections of streptozotocin (50 mg/kg per day for 5 consecutive days)

dissolved in 10 mM citrate buffer, pH 4.5.39 After streptozotocin ad-

ministration, 96% of mice became diabetic. Mice were divided into

four subgroups (n$6/group): (1) a nondiabetic wild-type group, (2) a

nondiabetic khk2/2 group, (3) a diabetic wild-type group, and (4) a

diabetic khk2/2 group. Body weight was measured weekly and urine

was collected overnight, using metabolic cages, the day before eutha-

nasia. All mice were euthanized 10 weeks after last streptozotocin in-

jection to obtain blood samples and kidney tissues.

Laboratory Studies
Urine albumin and serum and urine creatinine were measured with

Albuwell M (Exocell, Philadelphia, PA) and Creatinine LiquiColor

Test (Enzymatic Methodology; Stanbio, Boerne, TX), respectively.

Urine levels of NGAL were measured with a mouse NGAL ELISA

kit (R&D Systems, Minneapolis, MN). Urinary levels of NAG

were determined with a NAG ELISA kit (catalog #CS0780; Sigma-

Aldrich, St. Louis, MO). Plasma and urinary phosphate were

detected with a biochemical assay (Biovision, Milpitas, CA). Frac-

tional excretion of phosphate was calculated by using the following

ratio:

FEPO4¼ ½UPO43PCr3100� ⁄ ½PPO43UCr�;

where U and P refer to the urine and plasma concentrations of

phosphate (PO4) and creatinine (Cr). Creatinine clearance was cal-

culated as the ratio between urinary and serum creatinine (in mg/dl)

normalized by urinary volume in milliliters collected in 360 minutes.

Histologic Analysis
Formalin-fixed, paraffin-embedded sections (2.5 mm) were stained

with PAS for lightmicroscopy. Kidney sections were scanned using an

Aperio Scanscope and observed by two investigators in a blinded

manner. On coronal sections of the kidney, all glomeruli (50–100

glomeruli) were examined for glomerular hypertrophy and tubules

were analyzed for tubular dilatation. Mesangial expansion was deter-

mined as described elsewere40 by calculating the relative mesangial

area by determining the proportion of PAS-positive and nuclei-free

area in the mesangium.

Immunohistochemistry
Formalin or methyl Carnoy solution–fixed, paraffin-embedded

sections were used for immunohistochemistry, as previously de-

scribed.39 The following antibodies were used as primary antibodies:

(1) rabbit anti–type IV collagen antibody (Chemicon International,

Temecula, CA), (2) rabbit anti-mouse aldose reductase (AKR1B1)

antibody (Novus Biologicals, Littleton, CO), (3) rabbit anti-mouse

fructokinase (KHK) antibody (for both KHK-A and KHK-C iso-

forms; Sigma-Aldrich); (4) goat anti–type III collagen antibody

(Southern Biotech, Birmingham, AL), and (5) rabbit anti-ACE an-

tibody (Chemicon). Briefly, after deparaffinization, the sections

were treated with 3%H2O2 for 10 minutes to inactivate endogenous

peroxidase activity. After incubationwith a background sniper (Bio-

care Medical, Concord, CA) for 15 minutes, sections were incu-

bated with primary antibodies overnight at 4°C. The sections were

also incubated with rabbit anti-IgG secondary antibodies for 30

minutes before immunoperoxidase staining was conducted using

the Mach2 rabbit horseradish peroxidase polymer (BiocareMedical).

To assess the type III collagen–, type IV collagen–, and ACE-positive

area, the digital images at 3400 magnification were analyzed using

Image scope software (Aperio Technologies, Vista, CA). The

Figure 9. Schematic of proposed mechanism whereby khk2/2
mice show protection against diabetic nephropathy. Increased
serum glucose causes direct glomerular and tubular injury. In the
proximal tubule, glucose induces the transcription of AR, thus
enhancing the production of endogenous sorbitol and fructose.
Metabolism of endogenous fructose by KHK induces ATP de-
pletion, uric acid generation, and oxidative stress in the proximal
tubule, which further leads to the activation of the transcription
factor NF-kB, cortical inflammation, and macrophage recruitment
to the kidney cortex (M1 polarized) via generation of cytokines
and chemokines. Activated macrophages exert toxicity in both
glomerular and tubular areas. SDH, sorbitol dehydrogenase.
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percentage positive area was determined as the 3,3-diaminobenzidine-

positive pixel values per examined interest area in each section. For

ACE determination, every animal in each group of five random

fields corresponding to the kidney cortex and outer medulla were

analyzed for ACE expression. Approximately 25–40 tubules were

counted per field. The intensity area obtained for each field was

further normalized to the area occupied by the specific tubule

analyzed.

Immunofluorescence on Mouse Kidneys
Immunofluorescence against CD68 and actin was performed as

previously described.41 A laser-scanning confocal microscope LSM

510 META (Carl Zeiss Microimaging, Thornwood, NY) was used to

obtain images. On coronal sections of the kidney, all glomeruli (.35

glomeruli/slide) and tubules were examined and CD68-positive cells

counted per glomeruli or per area. Dihydroethidium staining was

performed as previously described.42

Cell Culture
Immortalized human proximal tubule cells (HK-2) were cultured in

keratinocyte–serum-free medium (Invitrogen) supplemented with

10% FBS, penicillin (100 U/L), streptomycin (100 mg/L), human

recombinant epidermal growth factor, and bovine pituitary extract.

Cells were cultured at 37°C to 60%–70% confluency and then ex-

posed to normal glucose (5mM) or high glucose alone (25mM) or in

combination with sorbinil (10 mM) for 72 hours. After exposure,

total RNA was extracted from cells with the RNeasy kit (Qiagen,

Gaithersburg, MD), cDNA created with the iSCript kit (Bio-Rad,

Hercules, CA), and analysis of specific mRNA expression performed

by real-time PCR using oligonucleotide primers specified in Supple-

mental Table 1. The amount of PCR products was normalized with

b-actin mRNA to determine the relative expression ratio. For the

generation of HK-2 cells with stable silencing of KHK, confluent cells

were transduced with lentiviral particles containing specific human

KHK small hairpin RNA (sc-60878-v; Santa Cruz Biotechnologies)

or scramble control small hairpin RNAs. After transduction, cells

were changed with medium containing puromycin (2 mg/ml) and

growing clones were selected after dilution series. Selected clones

were analyzed for KHK expression by quantitative PCR or Western

blotting.

NF-kB Activity Assay in Cultured Cells
NF-kB activation was determined as previously described43 with

modifications. Briefly, HK-2 cells were grown to 50% confluence in

six-well plates and transiently transfected with a NF-kB luciferase

reporter cassette and a b-galactosidase reporter (used for normaliz-

ing the transfection efficiency). Replicates were incubated at normo-

glycemic conditions or with acute exposure to hyperglycemia in the

presence or absence of the xanthine oxidase inhibitor, allopurinol

(100 mM) for 24 hours. Cells were then lysed directly in luciferase

reporter lysis buffer (Promega). Supernatants from cell lysates were

mixed with luciferase substrate and measured immediately with a

Luminoskan Ascent DCReady luminometer (Labsystems). Luciferase

activity was normalized to b-galactosidase expression as described

previously.44

Determination of AR and Fructokinase Activity in

Kidney Cortex Homogenates
Kidney cortex samples were homogenized in a buffer containing

(in mM) KCl (150), Tris-HCl (pH 7.5) (20), EDTA (pH 8.0) (1), and

dithiothreitol (1), centrifuged at maximum speed (13,000 rpm, 4°C)

and the supernatant protein content quantified with the BCA assay.

For AR activity, we followed the method initially developed by

Hayman and Kinoshita45 with modifications.46 Briefly, 50 mg of

lysate were incubated with 50 mM potassium phosphate buffer

pH 6.2, 0.4 M lithium sulfate, 5 mM 2-mercaptoethanol, 10 mM

DL-glyceraldehyde, 0.1 mM nicotinamide adenine dinucleotide

phosphate-oxidase (NADPH). The assay mixture was incubated at

37°C and initiated by the addition of NADPH, and AR activity was de-

termined by measuring the change in the absorbance at 340 nm with a

plate reader (Biotek Synergy 2) and expressed as the mmol of DL-

glyceraldehyde consumed per hour. Appropriate blanks were used to

subtract the natural decay of NADPH in the samples. KHK activity was

measured in lysates by determining the rapid ATP depletion that occurs

after fructose load (5mM). Briefly, tissues were homogenized in buffer

containing imidazole (50 mM)/KAc (1 M) buffer, and 50 mg of lysates

was exposed to 5mM fructose and 1mMATPat 37°C. ATP levels were

measured 2 hours after incubation using the ATP determination kit

(K354–100; BioVision, Inc.) as per manufacturer’s instructions. KHK

activity was calculated as the ratio between ATP levels at 2 hours versus

baseline for each sample, and values were compared between groups.

Determination of Cortical Sorbitol, Fructose, and Uric

Acid Levels
Kidney cortex samples were homogenized in a buffer containing

(in mM) MgCl2 (2), EGTA (1), dithiothreitol (1), and 0.5% Triton

X-100. Homogenates were centrifuged at 13,000 rpm for 10 minutes

(4°C) and protein in the collected supernatant quantified. For sorbi-

tol determination, 5 ml of the supernatant was assayed using the

sorbitol determination kit (K631–100, BioVision, Inc.) as per manufac-

turer’s instruction. For fructose determination, 20ml of the supernatant

was analyzed with the Bioassay Systems fructose determination kit

(EFRU-100) and 5 ml of supernatant was used for uric acid determina-

tion with the Bioassay Systems determination kit (DIUA-250). Values

were normalized to protein concentration in the lysate.

Statistical Analyses
All values are expressed asmean6SD. Statistical analysis was performed

with ANOVAusing Bonferronimethod to compare the groups. P,0.05

was considered to represent statistically significant differences.
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