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CLINICAL STUDY

Malate reduced kidney injury molecule (KIM-1) expression
and selectively upregulated the renal nitric oxide production
in obstructive nephropathy
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ABSTRACT

BACKGROUND: Malate, the tricarboxylic acid (TCA) cycle intermediary, upregulates renal nitric oxide (NO)
signaling, and NO is renoprotective in nephropathy.

OBJECTIVES: This study explored the hypothesis that malate could increase renal NO and decrease renal
injury and fibrotic markers in obstructive nephropathy.

METHODS: Kidney injury was induced in rats via unilateral surgical ligation of the ureter, there after, rats
were treated with malate (600 mg/kg, p.o.) for ten days. Urine was collected on days 0, 4, 7 and 10.
Urinary sodium excretion was also determined. Western blot and biochemical analyses were carried on the
nephropathic kidneys.

RESULTS: Malate reduced kidney injury molecule (KIM-1) expression in the renal cortex and medulla of
nephropathic rats (p < 0.05). NO production was selectively increased in the medulla of nephropathic rats
treated with malate (58.3+1.3 vs 77.8+4.4 pyM/ng, p < 0.05). Superoxide dismutase and catalase activity
increased in the kidney of malate-treated nephropathic rats (p < 0.05). Transforming growth factor (TGF-),
an index of fibrosis, increased in the cortex but not medulla of the malate-treated UUO group. There was a

consistent increase in collagenase activity in the cortex, and a reduction in the medulla.
CONCLUSION: Malate ameliorated the injury and inflammation but selectively reduced fibrosis in obstructive

nephropathy (Fig. 6, Ref. 32). Text in PDF www.elis.sk
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Introduction

Obstructive nephropathy is one of the frequent causes of kid-
ney injury (1). Obstructive nephropathy is surgically induced in
the laboratory via unilateral ureter obstruction (UUO) (2). The
unilateral ureter obstruction (UUO) is a unique model that presents
a viable tool for assessing pathologies associated with both acute
kidney injury (AKI) and chronic kidney disease (CKD)(3). CKD
has become a disease of importance due to its rising prevalence
and devastating outcomes (4).

The obstruction of the ureter leads to an acute kidney injury
and progressive fibrosis, which eventually depresses renal function
(Takaori and Yanagita, 2016). The UUO model is underlined by
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tubular apoptosis, oxidative stress, renal fibrosis, and inflamma-
tion that eventually lead to cell death and irreversible renal damage
(Martinez-Klimova et al, 2019). There is also an upregulation in
gene markers such as kidney injury molecule (KIM-1) and trans-
forming growth factor (TGF-B) (7). The dysfunction in urinary
flow causes increased intrarenal pressure and decreased renal
blood flow that leads to renal injury (Song et al, 2019). Recently,
malate, the tricarboxylic acid (TCA) cycle intermediary has been
reported to restore renal blood flow via an increase in nitric oxide
(NO) production (9). NO increases renal blood flow and has an
ameliorative and renoprotective role in nephropathy (10). Hence,
it is possible that malate may improve pathological outcomes in
nephropathy due to its link to NO signaling.

This study assessed the possibility that malate could modulate
nitric oxide production in obstructive nephropathy, reduce renal
fibrotic markers and inflammation that ameliorate kidney injury
and eventually improve renal outcomes in both AKI and CKD.

Materials and methods

Animals

Male Sprague Dawley rats (150-350 g, Harlan Sprague Daw-
ley, Houston, TX) were housed in the well-ventilated animal facility
of Texas Southern University, Houston, Texas and under a 12-hour
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lightning-controlled condition. The animals were bred in standard
cages, kept on rat pelletized feed (Purina Chow; Purina, St Louis MO,
USA) and had free access to water. All Experiments were aligned
with the Care and Use of Laboratory Animals guidelines of the Na-
tional Institutes of Health. The Institutional Animal Care and Use
Committee (IACUC) of Texas Southern University, Houston, Tex-
as, approved protocols for this study (Protocol #9004/Rats/1034).

Unilateral ureter obstruction (UUO) procedure

Animals were anaesthetized with ketamine + xylazine (100
mg/kg, i.p). The left side of the abdomen was shaved with an
electric clipper and cleaned with 1 % chlorhexidine and 70 %
alcohol. A left-sided laparotomy carefully exposed the left ureter
that was ligated using a 7/0 sterilized silk thread. The incision
was stitched with absorbable plain gut suture (6/0), and the outer
skin was covered with 9 mm sterilized wound clips. A 24-h reco-
very period was allowed before drug administration commenced.
The procedure was the same in sham-grouped animals except the
animals did not undergo ureter ligation (11). The animals were
randomly divided into three (3) groups having eight (8) animals,
each as follows: Group I: Sham (distilled water, 3 mL/kg, p.o.),
group II: UUO (distilled water, 3 mL/kg p.o.) and group I1I: UUO
+ Malate (600 mg/kg, p.o.). The animals were placed in metabolic
cages and treated daily for 10 days. 24-h urine was collected by
gravimetry on days 0, 4, 7 and 10. The animals were euthanized
on the last day, and the heart and kidneys were excised and im-
mediately frozen with liquid nitrogen, weighed, and stored at -80°
C for biochemical and western blot analyses. The isolated kidneys
were separated into cortex and medulla using a sterilized scalpel.
Tissue homogenization and protein quantification assays of the
cortex and medulla were performed as previously described (12).

Urinary protein quantification (UprotV)
The collected urine was assayed for urine using procedures
stated in the Biorad® protein assay kit. Briefly, urine samples

()

(0.02 mL) were mixed with 0.08 mL of distilled water. 0.01 mL
of the diluted urine samples were mixed with 0.990 mL of Bio-
rad reagent®. Albumin (0.125, 0.250, 0.5, 1 and 2 mg/mL) were
prepared and subjected to the same procedure. The absorbances
of the urine samples and albumin were determined at 595 nm.

Urinary sodium (UNaV) assay

The sodium content of the collected urine samples was quanti-
fied using flame photometry (13). Briefly, 0.5 mL of urine sample
was added to 4.5 mL of distilled water. Sodium chloride was pre-
pared at the following concentrations: 1, 5, 10, 25, 50, 100 and
200 mM. The emitted light intensity of the urine samples and
standard sodium chloride was measured at 589 nm against a re-
agent (distilled water).

Collagenase assay

The assay was modified and carried out as described (14).
Briefly, 200 mg of cortex or medulla was weighed into clean glass
bottles and incubated at 65 °C in a dry oven for 18 hours. After
incubation, 5 ml of 6M HCL was added, and samples were placed
in a heating block at 110 °C for 18 hours. This was followed by the
addition of 2.5 mL of distilled water. The resulting mixture was
kept at room temperature for 10 minutes before the withdrawal
of 1 mL of supernatant which was pipetted into clean glass tubes.
Samples in the glass tubes were neutralized by the addition of 0.3
mL of SM NaOH and 0.7 mL of distilled water. After vortexing,
0.4 mL of tissue supernatant was withdrawn from glass tubes and
0.1 mL of 70 % isopropanol was added. A developer solution was
prepared by mixing chloramine T in acetate buffer (1 : 4). Tissue
supernatant (0.5 mL) from glass tubes was mixed with 0.5 mL of
Chloramine T in acetate buffer (developer solution) and incubated
at room temperature for 20 minutes. After incubation, 0.5 mL of
Erlich’s solution was added to tissue supernatant and the reaction
mixture was incubated at 60 °C in a water bath for 30 minutes.
Samples were kept at room temperature and read at 558 nm.
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Fig. 1. Urine output (A) and sodium excretion (B) in nephropathic rats treated with malate (600 mg/kg, po) for 10 days. * p <0.05, ** p <0.01,
compared to sham-operated group. # p < 0.05 compared to UUO group. Unilateral Ureter obstruction (UUO).
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Fig. 2. Proteinuria (A) and kidney injury molecule (KIM-1) expression (B) in rats with UUO-induced nephropathy treated with malate (600 mg/
kg, p.o.) for 10 days. * p <0.05, ** p <0.01 vs sham group. # p <0.05, ## p <0.01, compared to UUO group. Unilateral Ureter obstruction (UUO).
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Fig. 3. Effect of malate (600 mg/kg, p.o.) on renal superoxide dismutase (A & B) and catalase activities (C & D) in obstructive nephropathy.
* p <0.05, compared to sham. # p < 0.05, ## p < 0.01vs UUO group. Unilateral Ureter obstruction (UUO). p < 0.05) (Fig. 4B).
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Nitric oxide assay

Nitric oxide in the homogenized renal cortex/medulla was
quantified using the modified procedure of (15). Briefly, 0.5 mL
of homogenate was added to 0.5 mL of Griess reagent (1 g sulpha-
nilamide + 100 mg of N-(-1-naphthyl) ethylenediamine (NEDD).
Sodium nitrite (NaNO,) (1, 2, 5, 10 and 20 uM) was prepared and
subjected to the same procedure. The sample/standard mixtures
were immediately read at 540 nm against a blank solution (0.5 mL
of distilled water + 0.5 mL of Griess reagent).

Arginase assay

Arginase was quantified in the homogenized renal cortex/
medulla using the method of (16). Briefly, 40 ug of homogenate
was mixed with 1 M of magnesium chloride (MgCL2) at 37 °C
for 30 minutes. The mixture was further mixed with 0.5 mL of L-
arginine buffered solution at 37 °C for 1 hour. After incubation, a
developer solution containing 0.05 mL of Ninhydrin + 0.45 mL of
acetic acid + 0.05 mL of phosphoric acid solution was added and
the mixture was heated at 95 °C for 1 hour. The resulting mixture
was cooled and read at 530 nm against a reagent blank containing,
0.01 mL of 1 M magnesium chloride + 0.49 mL of L-Arginine
buffer + 0.5 mL of developer solution.

Superoxide dismutase and catalase assays
Catalase and superoxide dismutase (SOD) assays were carried
out as previously described (17, 18).

Western blot analyses

Blotting was carried out as previously described (12). Kidney
injury molecule (KIM- 1) antibody was purchased from R&D sys-
tems (Minneapolis, USA), transforming growth factor (TGF-p)
antibody and nuclear factor erythroid 2-related factor 2 (Nrf2)
was sourced from Abcam (Massachusetts, USA).

Statistical analysis

Results are expressed as mean+=SEM. Data analysis was per-
formed using a one-way analysis of variance (ANOVA) followed
by Dunnett’s post-hoc test. Graph pad Prism software was used
for analysis and p < 0.05 was considered significant.

Results

Effect of malate on urine output and sodium excretion in UUO-
induced nephropathy

As shown in Figure 1a, urine output in the UUO group signifi-
cantly increased on days 7 and 10 above vehicle-treated (sham) lev-
els (p <0.05). Malate increased urine output in UUO-induced renal
injury, exerting a peak increase on day 4 (18.9+3.9 vs 32.2+1.7
mL, p <0.01). There was a stepwise increase in sodium excretion
in the UUO group all through the experiment vs sham (p < 0.05)
(Fig. 1b). Treatment with malate significantly reduced sodium
excretion on days 4 (1761+£237.2 vs 1049+118.4 umol/L) and 7
(3730+175 vs 27844282 pumol/L), compared to the UUO group
(Fig. 1b).
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Malate reduced renal kidney injury molecule (KIM-1) expression
and proteinuria in obstructive nephropathy

KIM-1, an index of kidney injury, was significantly elevated
in the cortex and the medulla of rats with UUO-induced ne-
phropathy when compared to the sham group (p < 0.05) (Fig.
2b). Malate reduced KIM 1 expression in the renal cortex (60 %)
and medulla (68 %) of the UUO group (p < 0.05). Similarly,
proteinuria in UUO rats significantly increased in a time-de-
pendent manner when compared to the sham group (p < 0.05)
(Fig. 2a). Malate exerted a delayed effect on proteinuria, pro-
ducing a peak reduction on day 7 (56.2+7.6 vs 25.8+4.4 mg/mL,
p <0.01) (Fig. 2b).

Effect of malate on renal superoxide dismutase (SOD) and cata-
lase (CAT) activities in UUO-induced nephropathy

Malate elicited a time-dependent increase in SOD activity in
the cortex and exerted a peak increase at 180 s (8.7+5.2 vs 0.8+0.4
units/ng, p < 0.05) (Fig. 3a). In the medulla, malate tended to in-
crease SOD activity at the same time-dependent fashion in the
UUO group (p > 0.05) (Fig. 3b). Similarly, malate normalized
catalase activity in the cortex of the UUO group, exerting a peak
increase at 210 s (0.520.1 vs 1.7£0.2 units/ng, p < 0.01) (Fig. 3d).
Malate significantly increased catalase activity in the medulla of
the UUO group, reaching peak levels at 90 s (0.54+0.2 vs 1.4+0.5
units/ng, p < 0.01) (Fig. 3¢).

Malate modulated L-arginine metabolism in UUO-induced ne-
phropathy

Arginase activity was reduced by 34 % in the cortex of the
UUO group and malate significantly restored arginase activity in
these animals (0.4+0.1 vs 2.2+0.1 uM/ng, p < 0.01) (Fig. 4a). In
the medulla, arginase activity increased (~3-fold, p < 0.01) com-
pared to sham and treatment with malate further increased this
activity in UUO rats (1.7+0.0 vs 2.7+£0.4, uM/pug p < 0.01) (Fig.
4a). Nitric oxide protects against kidney injury by ensuring renal
vasodilation and increased blood flow. As illustrated in Fig. 4b,
nitric oxide (NO) production in the cortex of the UUO group was
reduced by 25 %, compared to sham (p > 0.05), and malate had
no significant effect on NO production in the cortex (p > 0.05).
However, malate significantly increased NO production in the me-
dulla of the UUO group (58.3+1.3 vs 77.8+4.4, uM/ng.

Effect of malate on renal fibrosis in UUO-induced nephropathy
As shown in Figure 5a, collagenase activity in the cortex was
not different in the UUO group, compared to the sham, but there
was a significant increase in the medulla (p < 0.05). Malate sig-
nificantly increased collagenase activity in the cortex (88.4+2.4 vs
128.2+11.6, uM/mg, p < 0.05) in the UUO group, however, colla-
genase activity significantly reduced in the medulla (149.6+6.1 vs
131.6+4.2, p <0.05) vs UUO group (Fig. 5a). As shown in Figure
5b, in the cortex and medulla of the UUO group, there was an in-
crease in transforming growth factor (TGF-B) expression above
vehicle-treated sham levels (p < 0.05). Malate tended to increase
TGF- expression in the cortex (22 %, p > 0.05) of the UUO group
but caused no significant change in the medulla of the UUO group.
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Fig. 4. L-arginine metabolism in obstructive nephropathy. (A) arginase activity and (B) nitric oxide production in rats with UUO-induced re-
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Fig. 5. Renal fibrosis in obstructive nephropathy. Collagenase activity (A) and transforming growth factor (TGF-) expression (B) in rats with
UUO-induced renal injury treated with malate (600 mg/kg, p.o.) for 10 days. * p < 0.05, when compared to sham. # p < 0.05 vs UUO group

Malate upregulated nuclear erythroid factor (Nrf2) expression in
UUO-induced nephropathy.

Nrf2, a nuclear transcription factor, stimulates the expres-
sion of antioxidant genes to mitigate oxidative stress. As shown
in Figure 6, Nrf2 was not different in the cortex and medulla of
the UUO group compared to sham (p > 0.05). Malate tended to
increase Nrf2 expression in the cortex (60 %, p > 0.05) and eli-
cited a 2-fold increase in the medulla (p < 0.05) of the UUO group.

Discussion

This present study investigated the effects of malate on renal
inflammation, L-arginine metabolism, and fibrosis in obstructive
nephropathy.

Sodium depletion/wasting occurs in UUO-induced nephropa-
thy due to renal tubular damage. The sodium depletion in obstruc-
tive nephropathy was significantly mitigated by malate on days 4

and 7. This decrease in sodium depletion indicates a improvement
in renal function (19).

Acute kidney injury (AKI) in obstructive nephropathy is due
to the increased expression of the transmembrane protein, kidney
injury molecule (KIM-1), that equally serves as an index of early
proximal tubule injury (20). KIM-1 expression in the cortex and
medulla was significantly elevated in UUO-induced nephropathy.
The expression of KIM-1 in the cortex of the UUO group was
prominent because of the proximal tubular damage that occurs at
an acute stage of UUO-induced nephropathy. Malate significantly
reduced KIM-1 expression in the cortex and medulla, indicat-
ing that malate attenuated the AKI in obstructive nephropathy.
Similarly, malate evoked a late onset decrease in proteinuria, a
non-specific renal injury marker, that is directly related to kidney
depreciation (21). The actions of malate on KIM-1 expression
and proteinuria highlights its ameliorative effect in UUO-induced
nephropathy.
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Fig. 6. Nrf2 expression in rats with UUO-induced nephropathy treated
with malate (600 mg/kg, po) for 10 days. # p <0.05 vs UUO group.

Renal inflammation and oxidative stress principally underpin
the pathology in UUO-induced nephropathy and the endogenous
antioxidant enzymes, especially SOD and CAT, are critical in
ameliorating the deleterious effect of inflammation in obstructive
nephropathy (22). The activities of these renal antioxidant enzymes
are usually reduced in obstructive nephropathy. Consistent with
this, data from this study generally revealed low levels of SOD
in the cortex of rats with obstructive nephropathy that increased
after treatment with malate, indicating a malate-induced reduc-
tion in superoxide anion generation. Malate also significantly
increased the activity of CAT in the cortex and medulla of UUO.
This increase in SOD and CAT activities by malate attenuated the
renal inflammation and oxidative stress in obstructive nephropa-
thy. There was also a congruent increase in the expression of the
nuclear erythroid factor (Nrf2), a genetic mediator of cell defense
response vital for mitigating oxidative stress (23) in the medulla of
nephropathic rats treated with malate. This upregulation in Nrf2
expression by malate aligns with the enhanced antioxidant response
observed in CAT and SOD studies, thus underscoring that malate
exerts antioxidant effects in UUO nephropathy.

L-arginine metabolism, represented by arginase activity and
nitric oxide (NO) production, is vital to mitigating UUO-induced
nephropathy. NO elicits an increase in renal blood flow, acts as an
anti-fibrotic in obstructive nephropathy and is thus, renoprotec-
tive (24). Hence, ligands that increase NO generation in obstruc-
tive nephropathy could improve its prognosis. This present study
showed a reduction in NO in the UUO group that corroborates
results from studies by (25) which showed a chronic decrease in
NO in UUO. Malate exerted a selective increase of NO in the re-
nal medulla in UUO-induced nephropathy. This increase in NO
production protects the vital function of the renal medulla of regu-
lating pressure natriuresis (26) and, by extension, blood pressure
and partly underlines the increase in natriuresis, stimulated by ma-
late in obstructive nephropathy (27). There is an inverse relation-
ship between arginase activity and NO production. This present
study showed that the increase in arginase activity in the cortex
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was congruent with the reduced NO production in the renal cor-
tex but not medulla in nephropathic rats treated with malate. The
increased arginase activity may have compensatory effects as the
increase in ornithine, a by-product of the breakdown of L-arginine
by arginase, is needed for cell proliferation and tissue remodeling
(28): processes that could improve kidney function in obstructive
nephropathy. Hence, the observed renoprotective effect of malate
has mechanistic links to NO production and arginase activity.

Renal fibrosis in UUO-induced nephropathy occurs due to an
increase in collagen deposition in the interstitial matrix and glo-
merular basement membrane (29). The activity of collagenase is
directly related to its degradation and deposition of collagen (8).
Our present study showed a consistent increase in the activity of
collagenase in the cortex and medulla of UUO group. This may
have resulted in excessive tissue breakdown that worsened renal
injury, corroborating earlier reports that documented increased
collagenase activity in fibrotic kidneys (29). The treatment with
malate paradoxically increased collagenase activity in the cortex
but not the medulla of the UUO group. This insinuates that malate
could not prevent collagen deposition and by extension, fibrosis
in the renal cortex. (30). Cheng et al. provided evidence that col-
lagenase activity correlates with the progression of CKD, and a
decrease in collagenase activity may indicate a delay in CKD pro-
gression. Hence, the significant lack of collagenase activity in the
medulla is thus consistent with this observation. Closely related
to collagenase activity is the TGF-B/Smad downstream signal
transduction pathway which upregulates the expression of colla-
genase. TGF-p is a master regulator of fibrosis, hence, modulators
of TGF-B downstream effects may be beneficial in ameliorating
the UUO-induced renal fibrosis. Contrary to expectation, malate
increased TGF-P expression in the cortex but had no effect in the
medulla of the UUO group. This observation was consistent with
the malate-induced increase in collagenase activity in the cortex
but not the medulla, hence, it is likely that the lack of increased
TGFB signaling in the medulla may have also resulted in a lack
of collagenase activity. Aside from its profibrotic actions, TGF-8
also exerts beneficial and protective effects (31). Smad7, a down-
stream effector protein of TGF-f inhibits the expression of Nf-kB,
aregulator of inflammatory genes that could worsen renal injury. It
is thus possible that the paradoxical increase in TGF- expression
in the renal cortex by malate may have an underlying beneficial
effect against inflammation and fibrosis.

It is necessary to highlight that malate and its related intermedi-
aries serve as markers of AKI (32). Jan et al (32) reported that due
to destruction of cell integrity in renal injury, there was a “leak”
of malate from intracellular spaces, causing a deficiency. Hence,
it is tenable that the deficiency in the intracellular malate contrib-
uted to the pathological consequences of AKI (32). Our present
study thus corroborates this notion, particularly as supplementation
with malate improved pathological outcomes in nephropathy. It is
hoped that further studies would elucidate if deficiencies in these
tricarboxylic acid cycle intermediaries could partly underlie the
etiology of AKI and CKD.

In conclusion, this study has shown that malate attenuated
the renal injury and oxidative stress, but selectively mitigated fi-
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brosis in the medulla in obstructive nephropathy. The respective
increase in NO production and upregulation of Nrf2 expression
underlined the respective renoprotective and antioxidant actions
of malate. Thus, malate, the TCA cycle intermediary could ame-
liorate AKI and improve renal outcomes associated with CKD in
obstructive nephropathy.
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