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ABSTRACT

Introduction: Although the synthetic vitamin D analogue, Paricalcitol, and omega-3 Fatty acids (®»-3) alle-
viated diabetic nephropathy (DN), their combination was not previously explored.

Objectives: This study measured the potential ameliorative effects of single and dual therapies of
Paricalcitol and/or ®-3 against DN.

Methods: Forty rats were assigned as follow: negative (NC) and positive (PC) controls, Paricalcitol, ®-3
and Paricalcitol + ®-3 groups. Diabetes was generated by high-fat/high-fructose diet and a single strep-
tozotocin injection (40 mg/kg). DN was confirmed by raised fasting blood glucose (FBG), polyuria, protei-
nuria, and decreased urine creatinine levels. Paricalcitol intraperitoneal injections (0.25 pg/Kg/day; 5
times/week) and oral ®-3 (415 mg/kg/day; 5 times/week) started at week-9 and for eight weeks.
Results: The PC group showed hyperglycaemia, dyslipidaemia, abnormal renal biochemical parameters,
elevated caspase-3 expression, and increased apoptosis by TUNEL technique. The mRNAs and proteins
of the pathogenic molecules (TGF-1/iNOS) and markers of tissue damage (NGAL/KIM-1) augmented sub-
stantially in the PC renal tissues relative to the NC group. The oxidative stress (MDA/H,0,/protein carbo-
nyl groups) and pro-inflammatory (IL1B/IL6/TNF-o) markers increased, whereas the anti-inflammatory
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(IL10) and anti-oxidative (GSH/GPx1/GR/SOD1/CAT) declined, in the PC renal tissues. The monotherapy
groups were associated with ameliorated FBG, lipid profile and renal functions, and diminished TGF-
B1/iNOS/NGAL/KIM-1/Caspase-3 alongside the apoptotic index than the PC group. The oxidative stress
and pro-inflammatory markers decreased, whilst the anti-oxidative and anti-inflammatory molecules
escalated, in the monotherapy groups than the PC group. Although the Paricalcitol renoprotective actions
were better than ®-3, all the biomarkers were abnormal than the NC group. Alternatively, the
Paricalcitol + ®-3 protocol exhibited the best improvements in metabolic control, renal functions, oxida-
tive stress, inflammation, and apoptosis. However, FBG and tissue damage were persistently higher in the
co-therapy group than controls.

Conclusions: Both monotherapies showed modest efficacy against DN, whereas their combination dis-
played boosted renoprotection, possibly by enhancing renal anti-oxidant and anti-inflammatory

pathways.

© 2022 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Diabetic nephropathy (DN) is a prime predisposing factor for
developing end stage kidney disease and chronic renal failure
[1,2]. While the clinical hallmark of DN is progressive albuminuria
and declines in glomerular filtration rate (GFR), glomerulopathy
also concurs with elevated amounts of neutrophil gelatinase-
associated lipocalin (NGAL) and increased kidney injury
molecule-1 (KIM-1) usually reflects tubular damage [3,4]. DM
incites nephropathy by increasing reactive oxygen (ROS) and nitro-
gen (RNS) species following mitochondrial damage and upregula-
tion of inducible nitric oxide synthase (iNOS) enzyme, thus
causing renal oxidative stress [5-8]. Concurrently, hyperglycaemia
and dyslipidaemia deter the renal anti-oxidant system by decreas-
ing glutathione (GSH) and its associated peroxidase-1 (GPx1) and
reductase (GR) enzymes alongside the catalase (CAT) and superox-
ide dismutase-1 (SOD1) enzymes [9,10]. Incessant oxidative stress
then triggers lipid and protein damages alongside renal chronic
inflammation [5-8]. Hyperglycaemia and dyslipidaemia could also
provoke renal inflammation directly by increasing interleukin (IL)
1B, IL6 and tumour necrosis factor (TNF)-o, and reducing the
potent anti-inflammatory cytokine, IL10 [11,12]. Persistent renal
oxidative stress and inflammation then promote the expression
of transforming growth factor-p (TGF-B) and caspase-3 (Casp-3),
thus causing glomerular and tubular damage and apoptosis
[13,14].

The nephroprotection of the currently used anti-diabetic thera-
pies is limited and, therefore, the search for novel more effective
approaches against DN is warranted [1,2]. In this context, vitamin
D (VD) is a potent anti-oxidant and anti-inflammatory plethoric
hormone that regulates a variety of cellular processes through its
nuclear receptor (VDR) [15,16]. However, hypercalcaemia and tis-
sue calcification are common complications of using active VD con-
tinuously [15]. Hence, numerous non-calcaemic analogues have
emerged, of which Paricalcitol (Pcal; 19-nor-1a-25-2(0OH) D5) is
an FDA-approved synthetic VDR-agonist utilised for managing sec-
ondary hyperparathyroidism associated with chronic renal dis-
eases [15]. Pcal also showed VDR-mediated anti-oxidative and
anti-inflammatory remedial activities against DN, but with sub-
stantially less calcaemic effects [17-19]. Alternatively, omega-3
fatty acids (®-3), which are polyunsaturated fatty acids abundantly
found in marine nutritional sources, enhanced glucose and lipid
metabolism and reduced oxidative stress and inflammation, thus
delayed the progression of DN in clinical and experimental studies
[20-23].

Despite the Pcal and ®»-3 anti-diabetic and nephroprotective
actions [17-23], their combination against DN was not previously
explored. Hence, this study was conducted to measure the effects
of single and dual Pcal and/or ®-3 therapies against pre-existing
DN and its underlying molecular pathogenic mechanisms.

120

Materials and methods
Ethics statement

All animal experiments were performed according to the ethical
policies and procedures approved by the Committee for the Care
and Use of Laboratory Animals at Umm Al-Qura University, Saudi
Arabia (Approval no. AMSEC 24/11-11-19).

Drugs and chemicals

Streptozotocin (STZ) > 98% purity (Sigma-Aldrich Co., MO, USA),
Paricalcitol (Zemplar™; AbbVie Inc., IL, USA) and fish oil from men-
haden (Sigma-Aldrich Co.) rich in ®-3 (eicosapentaenoic acid
[240 mg/ml], docosahexaenoic acid [480 mg/ml] and Docosapen-
taenoic Acid [60 mg/ml]) were used.

Induction of diabetes mellitus and treatment protocols

Sixty male Wistar rats weighing 160-180 g and of 7 weeks of
age were used following one week of acclimatisation. All animals
were maintained at room temperature (24 + 1 °C) and 12hr
light/dark cycle, and received standard laboratory diet (5% fat,
45% carbohydrate and 21% protein) with water ad libitum.

The study involved eight weeks for establishing DN followed by
another eight weeks of treatment. Freshly made high-fructose/
high-fat diet (HF/HFD), which included standard show with extra
10% fat alongside drinking water containing 20% fructose, was
given to 52 rats for four consecutive weeks [24,25]. Following over-
night fasting, a single dose of freshly dissolved STZ (40 mg/kg) in
0.1 M citrate buffer (pH 4.5) was injected intraperitoneally in the
animals that received HF/HFD (n = 52) to avoid the nephrotoxic
effects of multiple STZ doses [26] as well as to imitate type 2 dia-
betes mellitus (DM) as previously reported [24,25]. Additionally,
the animals then received glucose solution (10% w/v) during the
24hr post-STZ to avoid hypoglycaemia. Three days later, fasting
blood glucose (FBG) was measured in tail blood using an Accu-
Chek glucometer (Roche Diabetes Care, Inc., IN, USA) and DM
was confirmed by levels > 14 mmol/L (>250 mg/dL). Subsequently,
the diabetic rats continued to receive HF/HFD for two weeks fol-
lowed by two weeks of standard chow. Prior to treatment initia-
tion, a 24hr urine (24hr-U) sample/rat was collected using
metabolic cages (Braintree Scientific Inc.; MA, USA). DN was con-
firmed in 32 rats by polyuria, proteinuria, and decreased urine cre-
atinine (Cr) concentrations than the negative control (NC) animals
(n=38).

The DN animals were then equally divided (8 rats/group) into:
the positive (PC) control, Paricalcitol (Pcal) and ®-3 (OM)
monotherapies, and the co-therapy group (P-OM) that concur-
rently received Pcal with ®-3. Freshly prepared Pcal intraperi-
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toneal injections (0.25 pg/Kg/day; 5 times/week) and/or oral ®-3
(415 mg/kg/day; 5 times/week) therapies were given to the desig-
nated groups for eight successive weeks. In consonance with the
dose conversion between human and rat [27], the Pcal and ®-3
used amounts matched the maximum recommended daily
amounts for a 60 Kg body weight adult human (Pcal: 2.4 pg/day;
0.04 ng/Kg/day and »-3: 4 g/day; 66.7 mg/kg/day) [28,29]. Addi-
tionally, the applied doses and therapeutic durations are equiva-
lent to those used by many prior studies that have shown no
toxicological adverse events in their animal groups [18,30]. The
study workflow is summarised in Supplementary fig. 1.

Types of samples

Total body weight (TBW), FBG alongside 24hr-U physical (vol-
ume and flow) and biochemical parameters (total protein, Cr) were
measured in all groups before therapy initiation (week-0) and for
every two weeks throughout therapy. Following 12hr fasting,
euthanasia was conducted during the first day of week-9 post-
therapy with anaesthesia and cervical dislocation as previously
described [16]. Two ml of blood/rat were obtained, and serum
was kept in —20 °C. The two kidneys were also obtained from each
rat and a portion was processed by conventional histopathology
protocols before paraffin embedding. Another piece (0.5 gm) was
lysed in RIPA buffer with protease inhibitors (Thermo Fisher Scien-
tific; CA, USA), and the protein amounts were quantified by a BCA
protein kit (Thermo Fisher Scientific). The samples were diluted
with deionized water (1000 pg/mL) to be used for ELISA. The
remaining kidney samples were preserved at —80 °C in RNALater
(Thermo Fisher Scientific).

Metabolic and renal profiles

Insulin, FBG, kidney function parameters (Cr/urea/total protein/
albumin) and calcium in blood together with the 24hr-U Cr and
total protein levels were evaluated on Cobas e411 (Roche Diagnos-
tics, Mannheim, Germany).

The amounts of 24hr-U flow and Cr clearance (Cr-Cl) were mea-
sured as follow:

Urine flow(ml/min) = 24hr urine volume(ml)
A - (60min x 24hr = 1440).

Cr — Cl(ml/min) = [Urine Cr (mg/dL) x Urine flow(mL/min)]
A-Serum Cr(mg/dL).

Quantitative RT-PCR

A Paris kit (Thermo Fisher Scientific) was used to extract total
RNA, and the cDNA was synthesised by utilising a high capacity
Reverse Transcription Kit (Thermo Fisher Scientific). PCR was con-
ducted on ABI® 7500 system using triplicate wells and 40 amplifi-
cation cycles (95 °C/15 s and 60 °C/1min). Each well had SYBR
Green (10 pl; Thermo Fisher Scientific), DNase/RNase free water
(7 ul), 5 pmol (1 pl) of each set of primers (Supplementary Table 1)
and 25 ng cDNA (1 pl). The negative controls included a minus-
reverse transcription control from the prior RT step and a separate
minus-template PCR, in which the cDNA was replaced by nuclease
free. GAPDH gene was used for normalisation and the relative gene
expression of rat Casp-3, TGF-8, NOS2, KIM-1 and NGAL was mea-
sured by the 222 method.
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Immunohistochemistry (IHC)

Polyclonal rabbit IgG antibodies were employed to detect iNOS,
TGF-B and NGAL in renal tissues, whereas KIM-1 was localised by
goat polyclonal IgG antibodies. The concentration for all primary
antibodies (Thermo Fisher Scientific) was 1:200, and ImmPRESS®
HRP Horse Anti-Rabbit or anti-Goat IgG Plus Polymer Peroxidase
Kits (Vector Laboratories Inc., CA, USA) were utilised as per the
supplier’s instructions. An identical method was applied for the
negative control sections, but with substituting the primary anti-
bodies with their equivalent primary isotype goat or rabbit IgG
antibodies (Santa-Cruz Biotechnology Inc.; TX, USA). Examination
was done with 20 x and 40 x objectives on a Leica DMi8 micro-
scope (Leica Microsystems, Wetzlar, Germany) and the images
were acquired from 10 different fields per section. The stain inten-
sity of each molecule was quantified by the IHC tool in the Image]
software (https://imagej.nih.gov/ij/) as previously reported [31].

TUNEL assay

Apoptosis/necrosis was evaluated in renal tissues with a Click-
iT™ TUNEL Alexa Fluor™ 488 Imaging Assay (Thermo Fisher Scien-
tific) as per the provided protocol. Cleaved Casp-3 was colocalised
with the apoptotic bodies by using a sequential immunostain pro-
tocol. After completing the TUNEL protocol, anti-Casp-3 mouse IgG
monoclonal antibodies (Thermo Fisher Scientific) were added at
1:100 concentration and the slides were incubated for 3 h. Tagged
donkey anti-mouse (Alexa Fluor™ 555) IgG antibodies (Thermo
Fisher Scientific) was then added for 30 min followed by counter-
staining with DAPI (Thermo Fisher Scientific). The slides were
observed on a Leica DMi8 microscope at 40 x magnification. The
apoptosis index was calculated by counting the apoptotic/necrotic
cells in 15 fields/section as previously described [31].

ELISA

The renal tissue levels of IL1B, IL6, IL10, and TNF-o, were quan-
tified by kits specific for rats (Cloud-Clone Corp.; TX, USA). GSH,
SOD1, CAT, GPx1 and GR alongside malondialdehyde (MDA), pro-
tein carbonyl groups, and hydrogen peroxide (H,0,) were also
measured in renal tissue by ELISA (Cell Biolabs, Inc.; CA, USA).
The samples were processed in duplicate on an automated ELISA
machine (Human Diagnostics; Wiesbaden, Germany) according
the manufacturers’ protocols.

Statistical analysis

Statistical analysis was done by SPSS version 25, and each vari-
able was analysed for normality and homogeneity using the Kol-
mogorov and Smirnov’s test and the Levene test, respectively.
One-way ANOVA accompanied with Tukey’s HSD or Games-
Howell post-hoc tests were performed to compare between the
groups according to variance equality. Correlations were deter-
mined by Pearson’s test. Statistical significance was considered
when P value was < 0.05.

Results
Metabolic profile and renal biochemical parameters

Before therapy (Week-0), all the DN groups were equal and had
significantly higher TBW, FBG, 24hr-U volume and flow alongside
proteinuria and decreased urine Cr relative to the NC group
(Fig. 1; P < 0.0001 for all). The TBW and 24hr-U Cr levels declined,
whilst the 24hr-U volume and flow increased, progressively in the
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Fig. 1. Dynamics (mean * SD) of body weight, fasting blood glucose (FBG), 24hr urine output, 24hr urine flow, urine creatinine (Cr) and urine total proteins concentrations in
the different study groups before, during and following therapy (data is shown as mean + SD; a = P < 0.05 compared with the same week in the NC group; b = P < 0.05
compared with the same week in the PC group; c = P < 0.05 compared with the same week in the Pcal group and d = P < 0.05 compared with the same week in the OM group).
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Table 1

Concentrations (mean * SD) of serum fasting blood glucose (FBG), insulin, lipid profile, renal biochemical parameters, and calcium in the study groups at euthanasia (week-9 post

treatment).

NC group PC group Pcal Group OM Group P-OM group

FBG (mmol/L)* 46+04 19.2 +2.8° 12.9 + 2.4>4 16.6 + 1.97¢ 9.7 + 2.80deh
Insulin (pU/mL)* 289 +6.6 6.5+ 1.7° 11.4 + 3b¢ 10.2 + 3.5"¢ 15.9 + 4.1°4
Total Cholesterol (mmol/L)” 1.62 £0.12 241 +0.13° 2.06 + 0.15¢ 2.05 +0.17>4 1.8 + 0.08>¢Lh
LDL (mmol/L)” 0.63 + 0.09 1.75 £ 0.15° 1.31 £ 0.16"4 1.37 £0.16>4 0.99 + 0.1>deh
HDL (mmol/L)” 0.88 + 0.06 0.56 + 0.05" 0.67 + 0.06>¢ 0.68 + 0.08>¢ 0.77 + 0.04>4<8
Triglycerides (mmol/L)” 0.81 + 0.07 1.62 +0.1° 1.31 + 0.1> 1.26 + 0.06>4 0.97 + 0.07>4fh
Total protein (g/dL)" 72+1.1 48+ 05" 5.2+ 0.6° 48 +04° 6.4 + 0.640
Albumin (g/dL)” 43+06 2.9+03° 3.1203° 29+02° 3.9 + 0.4%fh
Creatinine (mg/dL)* 0.48 + 0.06 1.1+017° 0.73 +.12%4 0.72 + 0.154 0.46 + 0.0740
Urea (mg/dL)” 358 +6.9 731 +11.9° 54.8 + 7.1 58.1 +7.1°4 44.4 + 7.2
Creatinine clearance (mL/min)" 0.55 + 0.12 0.28 + 0.03° 0.36 * 0.06" 0.37 + 0.08" 0.51 + 0.08%¢8
Ca®* (mg/dL)” 9.6+04 93+04 9.7+ 05 9.6+ 05 98+ 04

* = Games-Howell post-hoc test was used following ANOVA to compare between the groups.
** = Tukey's HSD post-hoc test was used following ANOVA to compare between the groups.

a =P <0.05 compared with NC group b = P < 0.01 compared with NC group.
¢ =P < 0.05 compared with PC group d = P < 0.01 compared with PC group.
e = P < 0.05 compared with Pcal group f = P < 0.01 compared with Pcal group.
g =P < 0.05 compared with OM group h = P < 0.01 compared with OM group.

PC group during the therapeutic period (P < 0.01 for all). However,
the PC group FBG and 24hr-U protein levels were steady during the
different weeks of therapy (Fig. 1). Moreover, FBG, total choles-
terol, LDL, triglycerides, serum Cr and urea increased, whereas
insulin, total protein, albumin, HDL, and Cr-Cl decreased, markedly
in the PC group at euthanasia compared with the NC group
(Table 1).

The FBG and urine parameters were equal between the Pcal, OM
and PC groups during the first four weeks of therapy (Fig. 1). At
Week-6, the monotherapy groups showed marked declines in
FBG, 24hr-U volume and flow, and 24hr-U protein amounts that
coincided with an increase in urine Cr levels relative to the PC
group. All the biomarkers were also comparable between the
monotherapy groups, except for FBG that was significantly lower
at Week-6 and 8 in the Pcal group (Fig. 1). Contrariwise, the co-
therapy group showed marked ameliorations in FBG, TBW and
urine parameters from Week-4 post-therapy, and the best
improvements were seen at Week-8 relative to the PC, Pcal and
OM groups (Fig. 1). At euthanasia, the P-OM group also showed
the highest levels of serum insulin, total protein, albumin and
HDL alongside the lowest serum Cr, urea, cholesterol, triglycerides
and LDL concentrations relative to the PC, Pcal and OM groups
(Table 1). Although the serum biochemical markers were equal in
the P-OM and NC groups, the FBG, cholesterol, triglycerides and
LDL were markedly higher, whilst insulin and HDL were lower, in
the former group (Table 1).

Renal histological features

The NC renal tissues showed normal histology by H&E and the
numbers of apoptotic bodies and the expression of Casp-3 were
low (Fig. 2). The renal tissues from the PC group exhibited exten-
sive damage that was depicted via membrane disruption and cup-
ping of Bowman’s capsule, disintegration and shrinkage of
glomerular capillaries, and tubular destruction and fragmentation
(Fig. 2A). The Casp-3 mRNA and protein expression and numbers
of apoptotic bodies were also significantly higher in the PC renal
specimens than the controls (Fig. 2B).

Both monotherapies lessened the histological features of
glomerular and tubular damage, alongside decreased the Casp-3
mRNA and protein expression and the apoptosis index relative to
the PC group (Fig. 2). However, the apoptosis index and the
Casp-3 mRNA and protein were markedly elevated higher in the
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monotherapy groups than the NC group. Additionally, Pcal
monotherapy showed better improvements than the OM group
as indicated by the gene and protein expression of Casp-3 and
apoptosis index. Alternatively, the co-therapy protocol revealed
the utmost preservation of renal tissue morphology, the lowest
apoptosis index, and markedly diminished the Casp-3 mRNA and
protein expression in comparison with the PC, Pcal and OM groups.
However, the apoptosis index and the mRNA and protein amounts
of Casp-3 in the P-OM group were markedly elevated than the NC
renal tissues (Fig. 2). Furthermore, the apoptosis index alongside
the Casp-3 mRNA and protein showed strong positive and negative
correlations with the serum and urine biochemical markers
(Table 2).

Renal tissue damage markers

The TGF-B1 with iNOS (Fig. 3) and NGAL with KIM-1 (Fig. 4)
mRNAs were detected in the NC renal tissues, whilst their proteins
were mainly localised in the cytoplasm of tubular epithelium by
IHC. The PC group showed significant increases in the gene expres-
sion of TGF-B1 (5.5-fold), iNOS (5-fold), NGAL (4.5-fold) and KIM-1
(>6-fold) compared with the NC group (Fig. 3B & Fig. 4B). The
TGF-p1 (1.8-fold), iNOS (1.6-fold), NGAL (4-fold) and KIM-1
(5-fold) proteins were also significantly elevated in the PC group
than controls (Fig. 3B & Fig. 4B).

While both monotherapy groups demonstrated major reduc-
tions in the genes and proteins of the targeted molecules compared
with the PC group, the levels remained substantially higher than
the NC group (Fig. 3 & Fig. 4). Moreover, the mRNAs and proteins
of the targeted molecules were considerably lower in the Pcal
group than the OM group. Although the P-OM group showed the
lowest significant mRNA and protein amounts of TGF-B1, iNOS,
NGAL and KIM-1 compared with the PC, OM and Pcal groups, the
expression profiles were persistently higher than the NC group,
except for iNOS and NGAL (Fig. 3 & Fig. 4).

Renal tissue concentrations of oxidative stress and inflammatory
markers

The IL1B, IL6 and TNF-o concentrations escalated, whereas IL10
diminished, significantly in the PC tissue homogenates than the NC
group (Table 3). Concurrently, the tissue amounts of MDA, H,0,
and protein carbonyl groups increased in the PC group and coin-
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Fig. 2. (a) Renal histological features by H&E together with the immunofluorescence co-localisation of apoptotic bodies by TUNEL'’s technique (green) with cleaved Casp-3
(red) and counterstaining with DAPI in the renal tissue specimens from all the study groups (40 x objective; scale bar = 10 pm). Moreover, (b) the relative expression of Casp-
3 mRNA and protein alongside apoptosis index in the renal tissues from all groups are displayed as graph bars (data is shown as mean + SD; a = P < 0.05 compared with the NC
group; b = P < 0.05 compared with the PC group, ¢ = P < 0.05 compared with the Pcal group and d = P < 0.05 compared with the OM group).

cided with substantial reductions in GSH, SOD1, CAT, GPx1 and GR
relative to the NC group (Table 3). While the levels of pro-
inflammatory and pro-oxidative stress molecules declined, the

amounts
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of anti-inflammatory and anti-oxidative markers
increased, considerably in the Pcal and OM monotherapies in com-
parison with the PC group. However, all the markers, except GR,
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Table 2
Results of correlation analysis using Pearson’s test for renal apoptosis index in addition to the relative mRNA and protein expression of Casp-3 with the serum and urine
concentrations of biochemical parameters at euthanasia (week-9 post treatment).

Apoptosis index (%) Relative Casp-3 mRNA expression Relative Casp-3 protein expression
Fasting blood glucose (mmol/L) 0.857* 0.849* 0.883*
Serum insulin (pU/mL) —0.760* -0.663* -0.822*
Total Cholesterol (mmol/L) 0.856* 0.800* 0.878*
LDL (mmol/L) 0.886* 0.811* 0.927*
HDL (mmol/L) -0.797* -0.681* —0.847*
Triglycerides (mmol/L) 0.915* 0.797* 0.917*
Serum creatinine (mg/dL) 0.723* 0.765* 0.705*
Serum urea (mg/dL) 0.805* 0.695* 0.824*
Serum total protein (g/dL) —0.753* —0.604* -0.801*
24hr Urine volume (ml) 0.921* 0.816* 0.931*
24hr urine creatinine (mg/dL) -0.767* -0.692* -0.728*
24hr Creatinine clearance (mL/min) -0.739* —0.602* -0.724*
24hr urine total protein (g/dL) 0.937* 0.786* 0.923*

* =P <0.0001.
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Fig. 3. (a) Immunohistochemistry (IHC) localisation of TGF-B and iNOS in renal tissues (40 x objective; scale bar = 10 um) alongside (b) their relative mRNA expression and
IHC scores in the different study groups are displayed as graph bars (data is shown as mean # SD; a = P < 0.05 compared with the NC group; b = P < 0.05 compared with the PC
group, ¢ = P < 0.05 compared with the Pcal group and d = P < 0.05 compared with the OM group).
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Fig. 4. (a) Immunohistochemistry (IHC) localisation of NGAL and KIM-1 in renal tissues (40 x objective; scale bar = 10 um) alongside (b) their relative mRNA expression and
IHC scores in the different study groups are displayed as graph bars (data is shown as mean + SD; a = P < 0.05 compared with the NC group; b = P < 0.05 compared with the PC
group, ¢ = P < 0.05 compared with the Pcal group and d = P < 0.05 compared with the OM group).

Table 3

Renal tissue Concentrations (mean + SD) of cytokines and oxidative stress markers in the study groups at euthanasia (week-9 post treatment).
NC group NC group PC Group PCal Group OM group
TNF-o (pg/mL)* 342 +53 1059 + 14.7° 62.4 +19.124 75.3 £ 22.9P¢ 35.2 + 7.49¢¢
IL1B (pg/mL)” 358+9.6 274.1 +32.7° 176.4 + 32.6™¢f 231.5 + 24.1>f 97.7 + 28.6>4f8
IL6 (pg/mL)” 742 +17.8 2267 + 37° 203.8 +27.3%d 234.7 +22.4° 91.3 + 23.74f¢
IL10 (pg/mL)* 50.4 + 14.6 11.6 +2.9° 29.6 + 8.8 21.2 +3.3%4 42 +7.9%¢8
GSH (mg/g)” 419+6.6 18.7 + 7.7° 29.6 + 4.4°¢ 253 + 5.4°¢ 38.6 + 6.3%f
SoD1 (U/g)” 483 +6.2 26.6 + 4.3° 33.9 + 3.8"¢ 30.8 + 3.7>¢ 42.5 + 3,640
CAT (U/mg)” 288 +19.4 194.4 + 24.7° 229.4 +27.97¢ 225.7 £ 20.7>¢ 267.9 + 20.6%°8
GPx1 (pg/mg)” 46+12 2.7+0.9% 3.5+ 0.5*¢ 3.3 + 04> 41 +09¢
GR (ug/mg)” 264 £ 4.4 16.5 4.2 202 +34 21.1+45 226 £6.7
MDA (nmol/g)” 299+5.1 60.9 + 6.8° 406 + 7.4%¢ 49.1 + 8.8>¢ 35.7 + 5.6%¢
H,0, (uUM/g)* 1.1+02 71.1 £ 10.2° 52.5 + 64 61.8 + 5.20¢ 17.3 + 5.4>4fg
Protein Carbonyl groups (nmol/g)* 0.42 + 0.08 6.9 +0.35° 4.66 + 0.55"4 5.22 + 0.43P4e 2.23 + 0.83Pdfs

* = Games-Howell post-hoc test was used following ANOVA to compare between the groups.
** = Tukey’s HSD post-hoc test was used following ANOVA to compare between the groups.

TNF-o = Tumour necrosis factor-o IL1B =
Interleukin-10 GSH = Glutathione SOD1 = Superoxide dismutase 1.

IL10 =

Interleukin-1p IL6 =

Interleukin-6.

CAT = Catalase GPx1 = Glutathione peroxidase-1 GR = Glutathione reductase.
MDA = Malondialdehyde H,0, = Hydrogen peroxide.

a =P < 0.05 compared with NC group b = P < 0.01 compared with NC group c = P < 0.05 compared with PC group.
d =P < 0.01 compared with PC group e = P < 0.05 compared with Pcal group f = P < 0.01 compared with Pcal group.

g =P <0.01 compared with OM group.
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were markedly abnormal in the monotherapy groups relative to
the controls (Table 3). Moreover, the levels of the targeted oxida-
tive stress and inflammatory markers were comparable between
the OM and Pcal groups. On the other hand, the dual therapy reg-
imen resulted in the supreme marked declines of the targeted pro-
inflammatory and oxidative stress markers alongside the maximal
significant increases in the anti-inflammatory and anti-oxidant
molecules compared with the PC and both single therapy groups.
However, the levels of IL1B, H,0, and protein carbonyls remained
markedly higher in the P-OM than the NC groups (Table 3).

Discussion

This study explored the remedial effects of Pcal and ®-3 single
and dual therapies against DN in respect to metabolic control,
oxidative stress, and inflammation. DN was confirmed before ther-
apy initiation by elevated FBG, polyuria, proteinuria and decreased
urine Cr levels in all groups compared with the NC group. At eutha-
nasia, the PC group showed hyperglycaemia, dyslipidaemia, low
insulin, and abnormal renal biochemical parameters. Moreover,
substantial tissue damage, profuse apoptosis and elevated TGF-8,
iNOS, NGAL, KIM-1 and Casp-3 mRNAs and proteins were detected
in the PC renal tissues than the NC group. The apoptosis index and
the Casp-3 mRNA and protein also correlated directly with FBG,
cholesterol, triglycerides, LDL, Cr, and urea, whilst they linked
inversely with insulin, HDL, total protein, and 24hr-U Cr. Concur-
rently, the oxidative stress (MDA, H,0, & protein carbonyl groups)
and inflammatory (TNF-a, IL1B & IL6) markers increased, whereas
the anti-oxidant (GSH, SOD1, CAT, GPx1 & GR) and anti-
inflammatory (IL10) molecules decreased, in the PC renal tissues
than the NC group.

Consistent with our data, DN is characterised by albuminuria
and decreased GFR as well as is associated with increased NGAL
and KIM-1 levels that highly correlate with the progression of renal
damage, even during the early normoalbuminuric stage [1-4]. At
the molecular level, chronic hyperglycaemia and lipotoxicity
induce renal mitochondrial damage and upregulate iNOS, thus
increasing the levels of ROS and RNS with successive lipid peroxi-
dation and protein carbonylation [5-8]. DM-induced renal redox
dyshomeostasis also involves declines in GPx1, SOD1, GR and
CAT alongside GSH levels [9,10]. Hyperglycaemia and dyslipi-
daemia likewise promote chronic inflammation by increasing
TNF-o, IL1B8 and IL6 combined with a marked decrease in the
anti-inflammatory cytokine, IL10 [11,12]. Persistent oxidative
stress and inflammation then contribute to glomerulopathy and
tubulointerstitial damage by increasing TGF-p that activates the
main executor of apoptosis, Casp-3 [13,14]. Our data agrees with
many previous reports and sustains the notion that the develop-
ment and progression of DN occur by interlaced pathogenic pro-
cesses involving chronic hyperglycaemia, dyslipidaemia,
oxidative stress and inflammation [9-12].

The standard anti-diabetic therapies have limited efficacy
against DN progression and a better strategy would include drugs
that could simultaneously enhance glycaemic control, reduce lipo-
toxicity and directly hinder renal oxidative stress and inflamma-
tion [1,2]. Pcal, which is a synthetic active VD-analogue, inhibited
B-cells apoptosis and increased insulin production in rat by atten-
uating STZ-induced pancreatic oxidative stress and inflammation
[32]. Pcal also improved renal damage by impeding ROS produc-
tion and decreasing TNF-o and Casp-3, whilst promoting several
renal antioxidant and anti-inflammatory pathways [18]. Congru-
ently, Pcal exhibited similar ameliorative actions against DN in
mice [33] and clinical studies [17-19] as well as lowered NGAL
levels following the modulation of pro-inflammatory molecules
in patients with chronic kidney disease [34]. Similarly, many clin-
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ical trials revealed favourable metabolic and nephroprotective
effects for m-3 that were associated with increased total anti-
oxidant capacity in diabetic patients with coexisting coronary
artery disease [22] or nephropathy [21]. Equally, ®-3 also showed
anti-diabetic, anti-oxidative stress and anti-inflammatory actions,
thus decreased albuminuria and delayed DN progression in rats
[20,23].

Herein, FBG, cholesterol, LDL, triglycerides, Cr, urea, and pro-
teinuria declined significantly with both monotherapies compared
with the PC group. Pcal and ®-3 were also associated with higher
serum insulin and HDL alongside increased urine Cr levels relative
to the PC group. Furthermore, both monotherapies displayed mod-
erately preserved renal tissue morphology, markedly decreased
Casp-3 mRNA and protein, and lowered the apoptosis index than
the PC group. The levels of renal anti-oxidant and anti-
inflammatory molecules in the monotherapy groups also increased
significantly and coincided with marked decreases in the oxidative
stress and inflammatory markers, TGF-B, iNOS, NGAL and KIM-1
than the PC group. Our results correlate with many studies and
accentuates the potential values of Pcal [17-19] and ®-3 [20-23]
in the treatment of DM, which could involve enhanced metabolic
control besides anti-oxidative and anti-inflammatory renoprotec-
tive effects.

However, the Pcal group showed better renal morphology, less
apoptotic cells, and lower TGF-B, iNOS, Casp-3, NGAL and KIM-1
expression than the OM group. Our data suggests that Pcal could
exert extra renoprotective actions than -3, which might involve
the regulation of renal haemodynamic by inhibiting renin activity
[35], improving endothelial function [36] and/or reducing
atherosclerosis [37]. Although there is no report in the literature
related to the Pcal effects on dyslipidaemia as well as the renal
expression of TGF-B and iNOS in relation to DN, Pcal attenuated
renal fibrosis by decreasing TGF-B [38]. Moreover, the Pcal anti-
inflammatory and anti-oxidative renoprotective actions in uremic
rats occurred with significant declines in iNOS [39]. Interestingly,
Pcal treatment in mice deficient in apolipoprotein-E markedly
increased the cardiac adiponectin levels [40], a key regulator of
glucose and lipid metabolism that improves insulin resistance,
triglycerides catabolism and uptake of free fatty acids [41]. More-
over, adiponectin inhibited lipotoxicity-induced pancreatic B-cells
apoptosis [42], alleviated nitrative stress in aorta by inhibiting
iNOS [43], and attenuated oxidative stress and decreased renal
TGF-B in diabetic rats [44]. Hence, we speculate that Pcal could sur-
pass -3 in delaying DN progression by promoting renal adiponec-
tin [40] alongside decreasing renal iNOS [39], thus reducing renal
lipotoxicity, oxidative stress and inflammation that consequently
inhibit TGF-B and Casp-3 [38,39]. However, additional studies are
needed for exploring the Pcal and w-3 effects on renal haemody-
namic and the expression of adiponectin with its receptors in rela-
tion to glucose and lipid metabolism to validate our suggestions.

While both monotherapies were moderate and the biomarkers
were persistently abnormal than the NC group, the co-therapy pro-
tocol showed better efficacies in alleviating hyperglycaemia,
hyperlipidaemia, proteinuria, oxidative stress, inflammation, tissue
damage and apoptosis. Moreover, the serum biomarkers of renal
functions alongside the tissue oxidative stress and inflammatory
markers were equal between the P-OM and NC groups. At present,
none of the previous studies investigated the potential effects of
Pcal and ®-3 dual therapy against major chronic diseases, includ-
ing DM. In contrast, the VITAL-DKD clinical trial is the only study
that explored the renoprotective effects of VD (cholecalciferol)
and/or ®-3 supplements in diabetic patients, and the outcomes
of all protocols were equal to placebo [45]. An explication for the
differences between our data and the VITAL-DKD study could be
related to the efficacy of the used VD analogues in triggering
VDR-mediated renoprotection since cholecalciferol is a non-
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active VD, whereas Pcal is an active analogue that potently stimu-
lates VDR [46]. The doses in the VITAL-DKD trial were also mark-
edly lower than those used by many of the clinical studies that
showed favourable renoprotective actions for cholecalciferol
(2000 IU/day vs. > 7000 IU/day) [47,48] or -3 (1 g/day vs.
4 g/day) [22,29]. Hence, we speculate that adding high daily doses
of ®-3 (4 g/day) to natural or synthetic VDR-agonists (e.g. calcitriol
or Pcal), could provide a propitious approach against DN than com-
bining low doses of cholecalciferol and ®-3. Moreover, Pcal could
be a better option than calcitriol for avoiding hypercalcaemia and
tissue calcification [15].

Our data, however, revealed that FBG, lipid profile, proteinuria,
apoptosis index and the tissue damage biomarkers were markedly
higher in the P-OM group than controls. Our observations infer that
adding other anti-diabetic drugs to the Pcal/®-3 co-therapy could
be compulsory to efficiently control hyperglycaemia and might
produce a superlative strategy against DN. Recently, the American
Diabetes Association and the European Association for the Study of
Diabetes have endorsed the use of glucagon-like peptide 1 (GLP-1)
receptor agonists or sodium-glucose cotransporter-2 (SGLT2) inhi-
bitors for glycaemic control in diabetic patients with signs of pro-
gressive nephropathy [2]. Therefore, future studies should explore
the anti-diabetic and renoprotective effects of adding Pcal and/or
®-3 with GLP-1 receptor agonists and SGLT2 inhibitors for treating
DM and its complications.

In conclusion, both Pcal and ®-3 single therapies exhibited lim-
ited glycaemic and lipidemic control and were associated with
moderate nephroprotection by attenuating renal tissue oxidative
stress and inflammation. In contrast, Pcal and -3 fatty acids co-
therapy appears to be a more effective strategy against DN pro-
gression, and the enhanced renoprotective effects may include
improved regulations of glucose and lipid metabolism alongside
boosted renal anti-oxidative and anti-inflammatory mechanisms.
Nevertheless, this study did not measure the effects of the drugs
on renal haemodynamic, GFR as well as the renal molecular path-
ways involved in glucose and lipid homeostasis. Further studies
are, therefore, still needed to measure the effects of Pcal and/or
-3 fatty acids on renal blood flow, glomerular and tubular func-
tions in addition to the regulation of renal metabolic pathways.
Moreover, future studies should also explore the potential benefi-
cial effects of combining Pcal and/or -3 with clinically approved
anti-diabetic drugs for averting DN development and progression.
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