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ABSTRACT

Diabetic nephropathy (DN) is a serious microvascular impediment accompanying with type 2 diabetes that is characterized
by progressive kidney damage resulting from increased oxidative stress and metabolic disruption. Many studies have
described the antioxidant activity of phenols; as such, it can be speculated that these compounds may be used to treat some
of'the complications of diabetes. In this context, the current study investigated the nephroprotective efficacy of Methyl-3.4
Dihydroxybenzoate (MDHDB) against streptozotocin-nicotinamide-induced diabetic nephropathy (DN) in Wistar rats. DN
was developed in Wistar rats using streptozotocin (40 mg/kg) given intraperitoneally 15 min after nicotinamide (100 mg/kg)
administration. After confirming the presence of diabetes, the rats were divided into four groups: normal control, disease
control, or two experimental groups receiving MDHDB at either 200 mg/kg or 400 mg/kg. Fasting blood glucose (FBG),
body weight, food intake and water intake were assessed. In addition, Therenal function test and the lipid profile were done.
The status of oxidative stress markers were also carried out in the renal tissue. Finally, the the histopathology of the kidney
was analyzed. MDHDB treatment lead to areductionof fastingblood glucose (FBG) ,HbA1c andthe symptoms of polydipsia
and anorexia were enhanced in diabetic rats. Both of the doses of MDHDB exhibited a dose -dependent repair of the renal
function indicators in diabetic rats, with the highest dose (400 mg/kg) exhibiting significant decreases in serum creatinine,
blood urea nitrogen, and total proteins. Therefore, the results of this investigation indicate that MDHDB exhibit
nephroprotective effects against DN through its multiple mechanisms including antihyperglycemic activity, improvement of
oxidative stress indicators, improvement of lipid metabolism, and maintenance of the structure of the kidneys..

Keywords: diabetic nephropathy, Methyl-3,4 Dihydroxybenzoate, streptozotocin, nephroprotection, antioxidant enzymes.

INTRODUCTION

Diabetes Mellitus is a global health disaster, estimated to affect463 million people currently, and projected to increase by
50% till 2045 [1]. DM is a chronic metabolic disorder defined by persistent hyperglycemia resulting from an inability to
produce enough insulin, poor sensitivity to insulin, or a combination of these factors. The pathology of diabetes can involve
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many different organs and organ systems, and results in devastating microvascular and macrovascular complications, and
therefore affects the morbidity and mortality of patients [2].

One of the major chronic complications of DM is Diabetic Nephropathy (DN), which is considered to be one of the most
clinically relevantand costly complications of DM [3]. It is estimated that nearly 20 -40% of diabetic patients have certain
stages of DN, and it is estimated that DN accounts for almost 50% of the causes of End Stage Renal Disease (ESRD)
worldwide and accounts for almost half of the individuals who require renal replacement therapy [4]. Patients with DN are
expected to progress through stages of the disease until they reach ESRD, which usually occurs within a time frame of5-10
years and results in higher healthcare costs and decreased life quality.

The pathogenesis of DN is a complex interaction of inflammatory, hemodynamic, and metabolic processes [5, 6,2]. Multiple
deleterious pathways are initiated by chronic hyperglycemia, this involves stimulation of the polyol pathway, leading to
sorbitol accumulation and osmotic imbalance; enhanced formation of advanced glycation end products (AGEs), which
modify the structure of proteins and trigger pro-inflammatory receptor signaling [7—8]; specific protein kinase C (PKC)
isoforms activation that disrupt vascular permeability; and increased hexosamine biosynthetic pathway activity, resulting in
altered gene expression [9].

Oxidative Stress, characterized by Reactive Oxygen Species (ROS) overproduction that overwhelms the human body ability
to neutralize them, is central to the pathogenesis of DN [5,6]. Mitochondrial Superoxide Overproduction in response to
hyperglycemiaserves as the link between the multiple metabolic pathways that result in diabetic complications [10]. The
oxidative damage produced by ROS causes injury to cellular macromolecules (lipids, proteins, DNA) eventually triggering
cellular dysfunction and death [10].

In addition to oxidative stress, hemodynamic changes also contribute to the expansion of DN. Changes in glomerular
filtration rate, increased intraglomerular pressure, and changes in renal autoregulatory responses contribute to the
development of progressive glomerulosclerosis and tubulointerstitial fibrosis [4]. Clinically, these changes are manifested as
proteinuria, hypertension and a decay in glomerular filtration rate (GFR) [4] .

The common of contemporary DN management is based on: 1) controlling blood glucose levels; ii) managing hypertension
with RAAS inhibiting drugs and iii) reducing lipids [11]. Although these approaches are able to delay DN disease
progression, none are capable of arresting or reversing established DN [11]. The recent introduction of drugs such as GLP-
1 receptor agonists and SGLT-2 inhibitors which show some promise [12], neither of these new classes of drug are able to
targetall ofthe pathophysiological processes involvedin DN includingoxidative stress [ 13]. Consequently, there is an urgent
necessity to develop additional drugs which can target multiple aspects of DN disease simultaneously. A promising
alternativeto conventional drugs may be natural products with antioxidant properties since they exhibitmu Iti-targeted actions
and generally have favorable safety profiles [14].

Phenolic compounds are a various group of secondary metabolites defined by the presence of one or more hydroxyl
substituents on an aromatic ring [15]. They have attracted significant attention in drug discovery and therapeutic research
due to their antioxidant capacity, anti-inflammatory, and metabolic modulatory activities [ 15]. Phenolics exert antioxidant
activities primarily through three mechanisms: ROS neutralization, pro-oxidant metal ions sequestration, and endogenous
antioxidant defense systems upregulation [ 15]. Evidence from both clinical investigations and experimental models indicates
thatincreased dietary consumptionofphenolic compounds is linked to areduced incidence of diabetes-related complications
[16]. In particular, the specific phenolic compounds, resveratrol, quercitin and curcumin, have been reported to have
protective effect against kidney damage in experimental models through mechanisms involving Nrf2 pathway activation,
NF-«B inhibitionand AMPK regulation [17]. MDHDB is a phenolic compound in which may be isolated form many plants
as kalimerisindic, Dioscorea alata L etc [18, 19]. The neuroprotective effect of TBHP-induced oxidative damage in SG-
SYSY Cells has been well-studied [20]. In addition, It has previously been found to have significant antioxidant activity in
DPPH radical scavenging assays. The position and number of the hydroxyl groups of phenolic compounds determine their
antioxidant efficacy and biological activities. Since it is now extensively recognized that oxidative stress acts a essential role
in the pathogenesis of DN [18] and since phenolic compounds have proven antioxidant properties, MDHDB appears to be a
logical candidate for nephroprotection evaluation.

The streptozotocin (STZ)-nicotinamide (NA) induced DM model is a well-established method for investigating the
consequences of Type 2 Diabetes Mellitus (TD2) and its complications[21]. STZ, a glucosamine-nitrosourea compound,
induces pancreatic beta cells' selective destruction by alkylating DNA and generating ROS. Pre -treatment of rats with NA, a
poly(ADP-ribose) polymerase inhibitor and antioxidant, diminishes the degree of STZ-induced beta cell necrosis and
produces mild insulin deficiency similarto T2D [21]. This model provides a number of advantages including: (1) a stable
level of moderate hyperglycaemia; (2) retention of some residual beta cell function; (3) development of microvascular
complications including nephropathy; and (4) cost effectiveness and reproducibility [22]. Renal changes consistent with
nephropathy typically occurin this model after 4-6 weeks, including: increased urinary albumin excretion; elevated serum
creatinine and urea; glomerular hypertrophy; and mesangial expansion [22].
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Although substantial progress has been achieved in elucidating the molecular and cellular processes involved in the diabetic
nephropathy (DN) pathogenesis, therapeutic strategies capable of targeting multiple disease-driving pathways remain
limited. Accordingly, this study aimed to evaluate the nephroprotective efficacy of MDHDB in diabetic nephropathy using
the streptozotocin—nicotinamide (STZ-NA) model and to test the hypothesis that MDHDB will reduce the severity of DN

via a combination of antihyperglycemic, antioxidant and renoprotective actions.

MATERIALS AND METHODS
Materials

All chemicals and reagents utilized in this research were of analytical quality. The STZ and NA used in this research were
acquired from Sisco Research Labortaories Pvt.Ltd (SRL)-Mumbai-400 099, Maharastra, India. The MDHDB compound
was procured from Avra Laboratories Pvt.Ltd-Hyderabad-500076-Telangana-India. The vehicle for drug administration was
carboxymethyl cellulose (CMC). Commercially manufactured standard biochemical assay kits were also procured for
measuring fasting blood glucose, glycosylated hemoglobin, serum creatinine, blood urea nitrogen, blood total protein, and
lipid profile.

Experimental Animals

Male Wistar rats and Swiss Albino mice that weighed between 180-220g and 20-25g were 8-10 weeks old were used in the
study. Those animals were obtained from Vyas Labs, Hyderabad, Telangana-501301, India. Those animals were then housed
in an animal house at the Pharmacology division of College of Pharmaceutical Science, Andhra University, 530003 and kept
in standard laboratory conditions, 12/12h light/dark, a temperature of 22 + 2 °C, relative humidity of 55 £ 10%. They were
fed with the standard food and had free access of water. The ethical approval was acquired from the Institutional Animal
Ethics Committee (IAEC) (IAEC-15/AU-Pharma/2025-26), and they were carried outaccording to the CPCSEA guidelines.

Acute Toxicity Study

Before evaluating the effectiveness of MDHDB, an acute toxicology assessment was performed using the OECD Guidelines
423 (Acute Toxicity Class Method) [ 18] to evaluate potential toxicity from oral administration of MDHDB. Mice (female
Swiss albino) were utilized for toxicity evaluation, n=3 per group were evaluated per treatment group. A sequential dosing
paradigm was employed, in which four different concentrations of MDHDB were administered orally: 5, 50,300, and 2,000
mg/kg body weight. The initial concentration that would be used in the study was 2,000 mg/kg, based on the results of
preliminary toxicity evaluations.

Observations were conducted immediately post-administration for 4 h regarding any symptoms of toxicity exhibited by the
animal, such as alterations in behavior, motor function, hair and fur appearance, eye, mucous membrane, respiratory pattern,
cardiovascular signs, autonomic responses, and any other central nervous system (CNS) manifestation. Animals were also
evaluated at24 h post-administrationanddaily for 14 days post-administration, notingany mortalities or morbidities, changes
in body weight, and any gross abnormalities noted. Due to no mortalities or adverse reactions being reported during the
toxicity testing at the highest concentration tested (2,000 mg/kg), the two lower concentrations were identified as follows:
1/5th 0f 2,000 mg/kg =400 mg/kg, and 1/10th of 2,000 mg/kg = 200 mg/kg for use in subsequent efficacy studies [23].

Induction of Diabetes and Experimental Design
Diabetes Induction Protocol

The DN was developed by utilizing a widely accepted STZ-NA model [16]. Animals were given an overnight fast
(approximately 16 h) with unrestricted access to water. After the fast, 100 mg/kg body weight of nicotinamide was
administered intraperitoneally with the assistance of normal saline (0.9% NaCl). NA was directed 15 mins prior to the
administration of freshly prepared STZ solution (40 mg/kg body weight), which had been dissolvedin 0.1 M cold citrate
buffer (pH 4.5). Citrate buffer used for STZ was made immediately before use and kept on ice at all times, as it is known
that if this buffer is not refrigerated, the STZ will be unstable [24].

Control animals received equal amounts of citrate buffer and normal saline. In addition, following STZ-NA administration,
animals were allowed to drink 10% glucose solutions for the first night post-administration to help reduce the risk of
hypoglycemia due to the large amount of insulin released by damaged beta cells early in the course of diabetes [ 24].

Confirmation of Diabetes

Fasting Blood Glucose (FBG) was determined by glucometer on rats at the 7™ day of induction after an 8-hour fasting. The
rats were classified as diabetic if their FBG values were >250 mg/dL or excluded from further studies if their FBG values
were less than 250 mg/dL [16].

Experimental Groups and Treatment Protocol

Successfully diabetic rats were randomly allocated into four experimental groups (6 animals per group)
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The four experimental groups included:

* Group I (Normal Control): non-diabetic rats that received orally, 1% CMC solution.

* Group II (Disease Control): diabetic rats that received orally, 1% CMC solution.

* Group III (MDHDB Low Dose): diabetic rats that received orally, MDHDB 200 mg/kg dissolved in 1% CMC solution.
* Group IV (MDHDB High Dose): diabetic rats that received orally, MDHDB 400 mg/kg dissolved in 1% CMC solution.
DN was allowed to develop over the course of four weeks (28 days) after diabetes was induced in all the rats [ 6].

Treatmentof DN with MDHDB was initiated on day 28 and lasted for an additional three weeks (21 days). The treatment
was given once daily by gavage between 9:00 and 10:00 a.m.

Assessment Parameters
Body Weight, Food and Water Intake

Body weight, food and water intake were measured in each rat at baseline (on day 0), on day 7™ (when diabetes was
confirmed), on day 28" (the start of treatment), on day 35" (one week after treatment began), on day 42™ (two weeks after
treatment began), and on day 50 (at the end of the study). Body weights were assessed for each rat individually every week
during the course of this experiment on a calibrated electronic balance. Food and water consumption were measured weekly
by determining the quantity of food or water thathad been used and subtracting it from the amount of food or water that had
been made accessible to the rats over a 24 h period. The results of these measurements were expressed as grams per week
for food consumption and milliliters/week for water consumption.

Fasting Blood Glucose Monitoring

FBG levels were assessed in eachrat at baseline (on day 0), on day 7 (when diabetes was confirmed), on day 28 (the start
of treatment), on day 35% (one week after treatment began), on day 424 (two weeks after treatmentbegan), and on day 50t
(atthe end of the study), Blood glucose concentrations were determined with a hand held glucometer after the rat had been
allowed to fast for eight hours. Two determinations were made, and then averaged to obtain one value.

Sample Collection
Blood Sample and Tissue Collection

At the termination of treatment duration, the blood sample were collected from the jugular vein under anesthesia for
biochemical parameters assessment. [16].

Subsequent the collection of blood samples, eachrat was euthanized via cervical dislocation and the kidneys were excised
for oxidative stress markers and histopathology [25].

Biochemical Parameters Assessment
Glycosylated Hemoglobin (HbAlc)

HbA1c was evaluated in whole blood by means of commercial kits that utilized either ion exchange chromatography or
immunoturbidimetric methods [26], and results are reported as (%) of total hemoglobin.

Renal Function Parameters

Serum Creatinine was assessed by the Jaffe Alkaline Picrate Method in which creatinine reacts with picric acid in an alkaline
medium forming a chromogenic compound measured spectrophotometrically at 520 nm.

Assay for Blood Urea Nitrogen (BUN) via enzymatic assay employing the urease-glutamate dehydrogenase (UDH-GLDH)
reaction in which urease catalyzes the hydrolysis of urea to ammonia, which is then measured utilizing the enzyme -coupled
reaction involving glutamate dehydrogenase

Assay for total serum protein via the Biuret Reaction, in which proteins react with copper ions in an alkaline solution to
produce a violet-colored complex measured at 540 nm.

Measurements of all biochemical parameters were performed according to the manufacturer's protocol utilizing a semi-
automated analyzer [27, 28].

Lipid Profile Assessment

Serum lipid parameters were assayed using enzymatic colorimetric assays [27, 28]
Oxidative Stress Markers in Kidney Tissue

Catalase Activity Assay

The catalase activity was determined as described by Cohen et al. with some alterations. The capacity of catalase to break
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down hydrogen peroxide (H202) was used to calculate its activity. thus, the quantity of HoO2 degraded is directly proportional
to enzymatic activity. The assay principle involves monitoring the rate of H202 breakdown in the presence of catalase.
Briefly, 5 mL of 30 mM H20> was added to test tubes containing 0.5 mL of tissue homogenate supernatant to start the
reaction. One milliliter of 3 M sulfuric acid (H2SO4) was added to stop the reaction after three minutes. After adding 7 mL
of potassium permanganate (KMnOs), the absorbance was measured right away at 480 nm using a spectrophotometer [29].

Results were expressed as units per mL of tissue homogenate [29].
Superoxide Dismutase (SOD) Activity Assay

SOD activity was determined utilizing the pyrogallol autoxidation assay [ 30]. The assay uses the inhibition of pyrogallol
autoxidation as an indicator of SOD. Pyrogallol solution (60 mM) was preparedin ImM HCI at 37°C and combined with
0.05M Tris-HCI buffer (pH 8.4) containing 1 mM Na» EDTA to eliminate interference from metal ions. Buffer was used to
adjust the final volume to 3000pL.

Control readings were generated by determining the absorbance of the buffer/pyrogallol mixture (withoutsample) at 325nm
over 5 min with 30-second intervals. Absorbance readings for test samples were generated after the addition of pyrogallol
solution to buffer containing the tissue homogenate; total volume was adjusted to 3000uL, and absorbance read at 325nm
over 5 min @ 30 sec intervals.
The scavenging ability of superoxide anion (*O2") was calculated as absorbance increments using Eq.4:
% Inhibiti [AA control /T — AA sample/T] 100 3
= X
o ubiion AA control/T ®
Enzyme activity was expressed as units per milliliter of tissue homogenate.
Reduced Glutathione (GSH) Estimation

GSH levels were determined using Ellman’s method [31]. A standard calibration curve was generated using known
concentrations of reduced glutathione, and results were expressed as pM of GSH per gram of tissue .

Lipid Peroxidation Assessment

Malondialdehyde (MDA) was the main indicator used to measure thiobarbituric acid—reactive compounds (TBARS) in order
to measure lipid peroxidation [32]. MDA and thiobarbituric acid (TBA) combine in acidic environments to produce a pink
chromogen.
The resulting supernatant absorbance was measured at 532 nm. MDA levels were calculated using Eq. 5

Absorbance

Concentration (um?m) = x 10 (4)

" Molar extinction coef ficient

Histopathological Examination
Tissue Processing

Kidney tissues secured in 10% buffered formalin for at least 2 days were processed for histopathological examination. The
tissues underwent dehydration through categorized series ofalcohols (70%, 80%, 90%, 95%, and absolute alcohol), clean in
xylene, and infiltrated with molten paraffin wax. Tissue blocks were prepared by embedding in paraffin and stained in
hematoxylin and eosin (H and E) [33].

Microscopic Examination and Scoring

Stained sections were assessedunder a light microscope at x 10. Histopathological changes were evaluated by an experienced
pathologist blinded to treatment groups. Three histopathological parameters were evaluated: (i) coagulative necrosis of
tubular epithelial cells, (ii) intratubular debris, and (iii) dilated hypocellular tubules. Each parameter was graded using a
semi-quantitative scoring system [34] as follows,

Score 0, absence of detectable cellular damage; score 1, focal cellular injury involving <30% of the tissue; score 2, focal
damage affecting 30—-50% of the tissue; score 3, extensive yet localized lesions involving >50% of the tissue; and score 4,
diffuse or global tubular necrosis.

Multiple fields were examined for each section, and mean scores were calculated for each animal [ 34].
Statistical Analysis

All experimental results are expressed as mean + standard error of the mean (SEM). Statistical analyses were performed
using GraphPad Prism software (version 9.0). For parameters assessed at a single point, including fasting blood glucose
levels, body weight, food, and water intake, biochemical parameters, lipid profiles, oxidative stress markers, and
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histopathological scores that were determined at a single and multiple time points, we used a one-way and two-way ANOVA,
along with the Tukey multiple-comparison post-hoc test to compare among multiple treatment groups. Also utilized the
Kruskal-Wallis test (a nonparametric one-way ANOVA) to evaluate histopathological scores, with subsequent application
of Dunn's multiple-comparison test.

Considered a p-value < 0.05 to be statistically significant [11,12]. The specific comparisons made include:
« disease control group vs. normal control group (denoted by *)

* treatment groups vs. disease control group (denoted by @)

Established the threshold for statistical significance at a = 0.05; therefore, considered p-values < 0.05 to be statistically
significant (ns = not significant, p > 0.05).

Results and Discussion
Effect of MDHDB on Experimental Animals Body Weight

DN markedly affected body weight changes. Compared to the normal control group, the disease control group exhibited a
progressive and statistically significant (p < 0.05) reduction in body weight over the course of the study. On day 0, there
were no discernible variations in the four groups' mean body weight.

Following the administration of STZ-NA and the subsequent development of DN, however, the disease control rats
demonstrated a significant weight loss.

By day 50, animals in the disease control group exhibited a significant decrease in body weight compared to normal controls
(Figure 1). Treatment with MDHDB with both doses produced a modest, non-significant (P>0.05) improvement compared
to the disease control group.

Analysis of the weekly body weight changes demonstrated that the normal control animals demonstrated a consistent
increase in body weight over the course of the study, whereas the disease control animals demonstrated a progressive decline
in body weight beginning shortly after the onset of diabetes (Figure 2). Additionally, the MDHDB treated groups
demonstrated a non significant stabilization compared to the 15t week.

Weight loss despite polyphagia is a distinctive feature of uncontrolled diabetes, representing a net negative energy balance
as a result of impaired glucose use, gluconeogenesis, proteolysis, and lipolysis [29]. Consistent with these findings, the
disease control animals in the current study demonstrated significant reductions in body weight, which correlated with their
persistent hyperglycemia and catabolic states [35].
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Figure (1): Effect of MDHDB on Body Weight.

Test compared to Disease control Group: P>0,05", P<0.05@; Compared to Normal Control Group: P>0,05", P<0.05%*)
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Figure (2): Effect of MDHDB on Body Weight.

(Test compared with 15t week: P<0.05@; P>0,05")
Effect of MDHDB on Food and Water Intake
Food Intake

Figure 3 illustrates the effect of MDHDB treatment on food intake measured at week 8 (50th day) of the study. Disease
control animals demonstrated significantly reduced food intake (approximately 170 g/week) compared to normal control rats
(approximately 230 g/week; p<0.05,denoted by *), representinga paradoxical hypophagia rather than the typical polyphagia
often observed in uncontrolled diabetes [36]. This reduction in food intake in diabetic animals may reflect the severe
metabolic disturbances, illness behavior, and nephropathy-associated anorexia that can occur in advanced diabetic
complications [27].

MDHDB treatment produced dose-dependent restoration of normal feeding behavior . The low dose MDHDB (200 mg/kg)
showed partial restoration of food intake to approximately 220 g/week (p<0.05 vs. disease control, denoted by @),
approaching normal control levels. The high dose MDHDB (400 mg/kg) demonstrated superior efficacy, fully normalizing
food intake to approximately 230 g/week (p<0.05 vs. disease control, denoted by @), achieving levels statistically
comparable to normal controls (p>0.05).

250 — @ @
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Food Intake ( g / week)

Figure (3): Effect of MDHDB on Food Intake (Test compared to Disease control Group: P>0,05", P<0.05@ ;
Compared to Normal Control Group: P>0,05", P<0.05%)
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Figure (4): Effect of MDHDB on Food Intake.

(Test compared with 15t week: P>0,05", P<0.05@)
Water Intake

Polydipsia (or an excessive need to drink fluids) is one of the most common signs of diabetes [ 36] in both animals and
humans. The rats used in this study were found to have a higher amount of drinking fluid than normal controls (p <0 .05) at
the time pointof day 50 as shown in Figure 5; this increase in water consumption was likely due to osmotic diuresis (or loss
of fluids through urine) resulting from the elevated blood sugar levels seen in the development of nephropathy [ 37].

Both doses of MDHDB presented a statistically substantial decrease in the excessive water consumption seen in diabetic rats
in a dose dependent fashion, with the highest dose show the most marked effect (p < 0.05 vs. disease controls). Also, weekly
water consumption measurements are shown in Figure 6 to indicate that the excessive need for water (polydipsia) occurred
very quickly after the diabetes inducing procedure in the control animals with diabetes, but that it continued throughout the
duration of the experiment. Treatment of the diabetic rats with MDHDB starting on day 28 caused a slow reduction of their
water consumption over time, with the largest reductions occurring in week 7 (day 50) as seen especially in the rats treated
with the 400mg/kg dose [36].

In addition to the improvement in water consumption, MDHDB also caused an improvement in the rats' food consumption
(normalization). The development of polyphagia (an excessive need to eat) and polydipsia (an excessive need to drink) in
diabetes occurs because ofalack of cellular energy (due to impaired glucose metabolism) and osmotic diuresis (loss of water
through urine), respectively [38]. The fact that MDHDB treatment resulted in a reduction of these symptoms indicates that
there was an improvement in the rats' cells to take up glucose and/or a reduction in the emission of glucose in the urine,
which would be indicative of either an increase in the sensitivity of the rat to insulin, or an increase in some other process by
which glucose can enter the cell independent of insulin [39].
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Figure (5): Effect of MDHDB on Water Intake. (Test compared to Disease control Group: P>0,05", P<0.05@;;
compared to Normal Control Group: P>0,05", P<0.05%)
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Figure (6): Effect of MDHDB on Water Intake.

(Test compared with 15t week: P>0,05", P<0.05@)
Effect of MDHDB on Fasting Blood Glucose

The level of FBG was the main indicator of glycemic control and the severity of the diabetic condition[11 ]. All the STZ-
NA-treated rats had FBG >250 mg/dL on day 7 after diabetes induction, indicating a complete success of the diabetes
induction. Disease control rats maintained a significantly elevated level of FBG duringthe duration ofthe experiment (p<0.05
compared to normal control) .

Attheend ofthe study (day50), fastingblood glucose (FBG) levels in the disease control group were approximately threefold
higher than those in the normal control group (Figure 7). Administration of MDHDB resulted in significant, dose -dependent
reductions in FBG levels. The low dose (200 mg/kg) produced a modest but significant decrease, whereas the high dose (400
mg/kg) elicited a more pronounced antihyperglycemic effect (p <0.05 vs. disease control). However, the FBG level in the

high dose treated rats remained higher than in the normal controls [40].

An analysis of FBG over time (Figure 8) indicated that the disease control rats maintained hyperglycemia for the entire 52-
day experimental period . In contrast, the administration of MDHDB began to produce progressive glucose -lowering effects
starting on day 35, with significant reductions in FBG evident by day 42 and even larger reductions by day 50 . The high
dose of MDHDB appeared to be superior in terms of'its ability to reduce FBGlevels. Associated to the disease control group,
the high dose treated rats reduced their FBG levels by about 35-40% at the end of the study.

MDHDB has been shownto havesignificant antihyperglycemic effects,and this includesa reduction of fastingblood glucose
levels by about35-40% in the high dose treated rats compared to disease controls. It is possible that these glucose lowering
effects are the result of the multiple mechanisms typical of the actions of phenolic compounds [401,41], including: (1)
enhanced peripheral glucose uptake through stimulation of GLUT4 translocation; (2) inhibition of hepatic gluconeogenesis
through activation of AMPK [32,33]; (3) protection of the remaining pancreatic beta cells from apoptosis due to oxidative
stress [29,31]; (4) inhibition of the enzymes involved in carbohydrate digestion (alpha-glucosidase and alpha-amylase),
thereby decreasingthe peak in glucose levels after eating[41]; and (5) improvement of insulinsignaling through thereduction
of the inflammatory mediators which can interfere with the function of the insulin receptor [ 38].
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Figure (7): Effect of MDHDB on FBG.

(Test compared to Disease control Group: P>0,05", P<0.05@; Compared to Normal Control Group: P>0,05", P<0.05%).
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Figure (8): Effect of MDHDB on FBG.

(Test compared with 15t week: P>0,05" P<0.05@)

Effect of MDHDB on Glycosylated Hemoglobin (HbAlc)

HbAlc is a composite measure of the mean blood glucose concentration over the past two to 3 months and therefore
represents a chronic period of exposure to hyperglycemia [ 28]. Rats used for disease control had HbA1c values significantly
greater than those found in normal rats (p < 0.05) indicating suboptimal glycemic control throughout the study duration
(Figure 9) [28].

Both doses of MDHDB resulted in significantly reduced HbAlc concentrations when related to disease control (p <0.05).
However, the high dose resulted in pointedly greaterreductions in HbAlc levels. At the high dose of 400 mg/kg, HbAlc
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levels were reduced to near normal ranges but remained significantly above normal rat control values; this suggests there
was an improvementin glycemiccontrol, butitwas notnormalized . This data correlates with the FBG data and demonstrates
that MDHDB has ongoing antihyperglycemic properties.

The significant decrease in HbAlc levels resulting from MDHDB administration indicates that MDHDB produced ongoing
improvements in glycemic control as opposed to short term glucose lowering [ 28]. HbAlc is an index of average glycemic
exposure over the erythrocytes' life span (approximately 120 days in rats) and therefore provides an integrated measure of
glycemic control over time [28,40]. The ~20-25% decrease in HbAlc values resulting from the high dose of MDHDB
indicatesa significantimprovement in glycemic control that will reduce the risk of developing microvascular complications
if administered chronically [28,37].
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Figure (9): Effect of MDHDB on HbAlc. (Test compared to Disease control Group: P<0.05@; Compared to Normal
Control Group: P>0,05", P<0.05%)

Effect of MDHDB on Renal Function Parameters
Serum Creatinine

Serum creatinine, areliable indicator of glomerular filtrationrate (GFR) and overall renal function, was significantly elevated
in the disease control group (1.26 +0.03 mg/dL) compared to normal controls (0.78 +0.04 mg/dL; p <0.05). The elevations
in serum creatinine levels indicate that the kidneys of the disease control animals had impaired renal function and developed
Nephropathy.

MDHDB treatment improved kidney functionin a dose-dependent manner. Administration of the lower dose (200 mg/kg)
reduced serum creatinine to 0.91 £ 0.15 mg/dL, representing a significant improvement compared to the disease control
group (p<0.05; Table 1). The higher dose of MDHDB resultedin areduction in serum creatinine to 0.8 £0.02 mg/dL (p<0.05
vs. disease control). The values of serum creatinine for the high-dose treated group were similar to those observed for the
normal controls (p >0.05). Therefore, the high dose of MDHDB was able to restore kidney function to normal levels.

Blood Urea Nitrogen (BUN)

BUN is a pointer of kidney function and also of protein metabolism [43]. The BUN levels were significantly raised in the
disease control group (39.1540.57 mg/dL) when compared to the normal controls (13.81 £0.24 mg/dL; p < 0.05) (Table 1).
The increasedlevels of BUNin the disease control animals indicate severe impairment of the kidneys and changesin nitrogen
metabolism [43].

Boththe lowand high-doses of MDHDBresulted in a significant decrease in the elevated levels of BUN (p < 0.05 vs. disease
control). The low dose of MDHDB decreased the levels of BUN to 21.5440.35 mg/dL. The high-dose of MDHDB resulted
in an even greater reduction of BUN to 19.47+0.33 mg/dL, which represented abouta 50% reduction in BUN levels from
the disease control group. While there was improvement in the BUN levels of the treated groups, they still were slightly
elevated relative to the normal controls, indicating some recovery of kidney function in the treated groups.

Total Serum Protein
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Total serum protein levels were significantly elevated in the disease control animals (8.01 £0.14 g/dL) when compared to
the normal controls (6.5840.12 g/dL; p < 0.05). 1t is likely that the increased levels of total serum proteins in the disease
control animals reflected the combination of impaired renal protein clearance resulting from glomerular dysfunction and
increased protein catabolism and abnormal protein synthesis by the liver in response to the diabetic state [42, 43].

MDHDB treatment normalized total protein levels in a dose-dependent fashion. The low-dose of MDHDB reduced total
protein levels to 7.014+0.12 g/dL (p < 0.05 vs. disease control) (Table 1). The high-dose of MDHDB nearly completely
normalizedtotal protein levels to 6.76+0.07 g/dL (p <0.05 vs.disease control), indicatingimproved renal protein processing
and metabolic balance in the treated groups.

The significant reductions in serum creatinine and BUN levels after MDHDB treatment indicate preserved glomerular
filtration andoverall renal function [43,44]. The improvements of kidney function with MDHDB treatment are notable since
the high-dose achieved almost complete normalization of creatinine levels and indicated a considerable preservation of
nephron function despite diabetes and early nephropathy. Hemodynamic effects, anti-inflammatory action, inhibition of AGE
formation and activity and anti-fibrotic effects are likely responsible for the protective effects on the kidneys [39].

Table (1): Effect of MDHDB on Renal Function Parameters

Groups Creatinine level | Blood Urea Nitrogen | Total Protein
(mg/dL) (mg/dL) (g/dL)

Normal Control 0,7840,04 13,8140,24 6,58+0,12

Disease Control 1,26+0,03* 39,1540,57* 8,01+0,14%*

MDHDB (200mg/kg) | 0,9140,15@ 21,54+40,35@ 7,01+0,12@

MDHDB (400 mg/kg) | 0,8+0,02@ 19.,47+0,33@ 6,76+0,07@

(Note: Data are reported as mean+SEM. Test compared to Disease control Group: P>0,05", P<0.05@; Compared to Normal
Control Group: P>0,05", P<(0.05%)

Effect of MDHDB on Lipid Profile

DN often correlates with significant dyslipidemias which are directly linked to an increase in the formation of atherosclerotic
plaques and subsequent cardiovascular complications [7]. Lipid profiles were examined in detail to assess the lipid status in
disease control animals as well as how it was affected by MDHDB administration.

HDL Cholesterol

Compared to normal controls, disease control rats had significantly decreased HDL-cholesterol (334+0.57 mg/dl) [p <
0.05] (Table2)andthis decreaserepresented approximately a 2 1% decrease fromthe normal control values. Impaired reverse
cholesterol transport and an increased risk of cardiovascular disease are directly correlated with decreased HDL -cholesterol
levels [7].

Both the low and high doses of MDHDB produced dose dependentincreasesin HDL levels that were greater than disease
control values (p < 0.05). Low-dose administration resulted in elevated HDL-cholesterol to 36.5+0.42 mg/dl while high-
dose administration resulted in elevated HDL-cholesterol to 39.3340.42 mg/dL. In addition, the HDL-cholesterol levels
obtained with both the low and high doses of MDHDB were approximately 94% of the levels observed in the normal control
group [44]. Elevated HDL-cholesterol levels indicate an improvement in lipid metabolism and an enhanced ability to protect
against atherosclerosis.

LDL Cholesterol

LDL-cholesterol levels were found to be non-significantly elevated in disease control animals (91.544.12 mg/dL) as
compared to normal controls (79.2743.90 mg/dL) [p > .05] (Table 2). Administration of either the low or high dose of
MDHDB resulted a non-significant improvement (82.33+1.64 and 79.83 +2.56 mg/dL for lowand high doses, respectively)
[p> 0.05 vs disease control group]. These results suggest a selective enhancement in the protective lipid fraction [45]

VLDL and Triglycerides

VLDL-cholesterol levels were found to be pointedly raised in disease control rats (26.83 + 0.70 mg/dL) as associated to
normal controls (18.83+0.47 mg/dL) [p < .05] (Table 2). The increased levels of VLDL-cholesterol in disease control rats
can result from increased production of VLDL by the liver due to insulin shortage and/or resistance, or from a decrease in
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the clearance of VLDL from the circulation [7].

Administration of both the low and high doses of MDHDB resulted in decreases in VLDL-cholesterol levels [p < 0.05 vs
disease control]. The high dose of MDHDB was found to produce the greatest level of reduction in VLDL -cholesterol levels
(23.47 £ 0.79 mg/dL), resulting in a 50% reduction in the elevated levels of VLDL-cholesterol observed in disease control
rats.

Levels of triglycerides were dramatically elevated in disease control animals (170.2 £15.71 mg/dL) as related to normal
controls (97.5 + 0.71 mg/dL) (p<0.05). Although administration of MDHDB resulted in reductions in levels of triglycerides
(158 £3.96 mg/dL and 149.7410.54 mg/dL for low and high doses, respectively), neither the low nor high dose of MDHDB
produced statistically non-significant reductions in levels of triglycerides (p > 0.05 vs disease control), suggesting that
MDHDB corrects the hypertriglyceridemia observed in disease control animals [46].

Total Cholesterol

Total cholesterol levels were foundto be non-significantly elevated in disease control rats (151.3 +4.92 mg/dL) as compared
to normal controls (139.9+3.80 mg/dL) (p > 0.05) (Table 2). Total cholesterol levels in rats administered either the low or
high dose of MDHDB were statistically non-significant (143.5 + 2.70 and 142.6 + 2.52 mg/dL for low and high doses,
respectively).

The dyslipidemia observed in disease control rats, characterized by reduced HDL-cholesterol, elevated VLDL-cholesterol,
and elevated levels of triglycerides, is a common metabolic abnormality that contributes to the development of accelerated
atherosclerosis and cardiovascular disease in individuals with diabetic nephropathy [7]. Reduced insulin sensitivity and
insulin deficiency contribute to several abnormalities in lipid metabolism, including: increased production of VLDL by the
liver, reduced clearance of VLDL-triglycerides, and impaired maturation and secretion of HDL [7].

Administration of MDHDB resulted in significant improvements in the lipid profiles of treated animals, particularly through
increases in HDL-cholesterol and decreases in VLDL-cholesterol. It is expected that some of the beneficial effects of
MDHDB on lipid metabolism will result fromits ability to activate PPAR, reduce oxidative stress and damage to lipoproteins,
and activate AMPK [41].

Table (2): Effect of MDHDB on lipid profile

. . Total
Animals gtll)% a) LDL (mg/dL) Xn?%L) (TI;‘g/ng)e”de Cholesterol
g g g (mg/dL)
Normal 41,834030 | 79274390 | 18,83+0.47 | 97.540.71 139,943.80
Control
Disease 3340,57* 91,5+4,12ns | 26,8340,70% | 170.2415,71* | 151,344,920
Control
MDHDB
@ ns @ ns n
200mgikg) | 3655042 82.33+1,64" | 24,67+122@ | 158+3.96 143,542,700
MDHDB 30.3340,42@ | 79.8342.56™ | 23.4740,79@ | 149741054 | 142,642,520
(400mg/kg)

(Note: Data are reported as mean +SEM. Test compared to Disease control Group: P>0,05", P<0.05@; Compared to Normal
Control Group: P>0,05", P<(0.05%)

Effect of MDHDB on Oxidative Stress Markers in Kidney Tissue

Catalase Activity

Antioxidant enzyme catalase, shown to be a key player in the breakdown of hydrogen peroxide, showed statistically lower
activity in kidney tissues from rats with kidney disease (26.51+0.78 U/mL) as opposed to healthy rats (37.0340.88 U/mL;
p<0.05) (Table 3). These findings indicate impaired antioxidant defenses [5 , 6].

MDHDB treatment resulted in a dose-dependent increase in catalase activity. At the lowest dose of MDHDB (200 mg/kg)
there was a slight but statistically insignificant (p>0.05 vs. kidney disease) increase in catalase activity (27.48 £0.47 U/mL).
Howeveratthe highest dose of MDHDB (400 mg/kg) there was a significant increase in catalaseactivity (29.52 £0.73 U/mL;
p<0.05 vs. kidney disease), indicating an approximate 38% recovery from the diabetes-induced decrease in catalase activity.

Superoxide Dismutase (SOD) Activity
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Activity of SOD, a crucial enzyme responsible for the neutralization of superoxide radicals, was also decreased in the kidney
tissues of rats with kidney disease (1.88+0.04 U/mL) when compared to those of rats without kidney disease (3.39+0.28
U/mL; p<0.05) (Table 3). These results indicated a significant level of oxidative stress.

In addition to increasing catalase activity, both doses of MDHDB increased SOD activity (p<0.05 vs. kidney disease) to
2.0440.05 U/mL, whereas the higher dose (400 mg/kg) increased SOD activity to 2.3940.18 U/mL. Thus, MDHDB
treatment resulted in an approximate 34% recovery in SOD activity. SOD activity was, however, still less than that observed
inthe kidney tissuesofrats without kidney disease, indicatingthatthe partial restoration of this importa nt antioxidant enzyme
had occurred [28].

Reduced Glutathione (GSH) Levels

The main non-enzymatic antioxidant, GSH, is a critical component in maintaining the redox balance within cells. GSH was
significantly depleted in the kidney tissues of rats with kidney disease (1.77 40.04 pmol/g) when compared to those of rats
without kidney disease (2.3+0.06 pmol/g; p<0.05) (Table 3) [6,22].

Treatments with MDHDB resulted in small increases in GSH levels that were dependent upon the dose administered
(1.8140.04 umol/gand 1.85+0.07 umol/g for low and high doses of MDHDB, respectively). However, these increases in
GSH were not significant (p>0.05 vs. kidney disease). Thus, although MDHDB treatment may have supported the synthesis
of GSH or prevented its depletion, the effect was not sufficient to restore GSH levels to normal under the experimental
conditions used in this study [28].

Lipid Peroxidation (MDA Levels)

MDA (malondialdehyde),a marker of lipid peroxidationand oxidative membrane damage, was greatly elevated in the kidney
tissues of rats with kidney disease (0.7240.02 pmol/g) when compared to those of rats without kidney disease (0.38+0.05
umol/g; p<0.05) (Table 3), indicating a severe level of oxidative injury [5,6].

MDHDB treatment produced dose-dependent decreases in MDA levels (0.58+0.06 and 0.56 £0.02 umol/g for low and high
doses of MDHDB, respectively), but these decreases in MDA levels were not statistically significant (p>0.05 vs. kidney
disease) [11,19]. Even though the decreases in MDA levels were not statistically significant, they represented a decrease of
approximately 20-22%, which represents a relevant reduction in oxidative lipid damage. This reduction may contribute to

the renoprotective effects of MDHDB [47].

Table (3): Effect of MDHDB on Oxidative Stress Markers in Kidney Tissue

GSH MDA

Groups CAT (Unit/mL) | SOD (Unit/mL) (umol/g of )
. (umol/g of tissue)

tissue)
Normal Control | 37,0340,88 3,3940,28 2,340,006 0,3840,05
Disease Control | 26,5+0,78* 1,8840,04* 1,7740,04* 0,7240,02*
MDHDB N

ns @ ns ns

(200mg/kg) 27,4840,47 2,0440,05 1,8140,04 0,5840,06
MDHDB (400 29,5240,73@ 2,39+0,18@ 1,850,070 0,5610,02ns
mg/kg)

(Note: Data are reportedas mean +SEM. (Test compared to Disease control Group: P>0,05", P<0.05@; Compared to Normal
Control Group: P>0,05", P<0.05%)

Histopathological Changes in Kidney Tissue

Histopathological examination of kidney tissue (Figure 12) (Table4) provided qualitative and semi -quantitative assessment
of structural damage and treatment effects [17].
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Figure 12: Histological change in Kidney of Wistar rats (x10): (A) normal control, (B) disease control, (C) MDHDB
treatment at dose 200 mg /kg, (D) MDHDB treatment at doses 400 mg/kg.

Normal Control Group

There was no evidence of tubular dilation, debris in the tubules, or necrosis in the tubules. The interstitial space around the
tubules was normal as well with no evidence of inflammation or fibrosis. The mean injury score for all of the measured
factors was low (dilated tubules = 0.4+0.24, debris in the tubules = 040, necrosis = 0.2+0.2) [11].

Disease Control Group

Kidney tissues fromdiabetic animals that servedas disease controls showed marked nephropathic changes typical of diabetic
nephropathy [46]. These changes were prominent and included: Severe tubular dilatation with a significant decrease in the
heightand density of the normal epithelial cells, which affected over halfofthe total area examined (score: 2.6 +0.24; p<0.05
vs normal control) ; Significant accumulation of proteinaceous casts and cellular debris in the lumen ofthe tubules, observed
throughout the examined sections (score: 3 +0; p<0.05 vs normal control) ; Significantnecrosis of the tubular epithelial cells
as evidenced by an outline of the cell bodies, but lack of definition of the nucleus and cytoplasmic eosinophilia, which
affected greater than half of the tubular structures (score: 2.840.2; p<0.05 compared to normal control)

MDHDB Low Dose Group (200 mg/kg)

Administration of MDHDB 200mg/kgresulted in partial amelioration of nephropathic changes . Tubular dilatation remained
apparent but was significantly less severe (score: 1.8 +0.37; p>0.05 compared to disease control), intratubular debris was
reduced (score: 1.4140.24; p>0.05 compared to disease control), and tubular epithelial necrosis showed improvement (score:
1.64+0.24; p>0.05 compared to disease control]. Although some degree of improvement was noted, these did not reach
statistical significance indicating that protective effects may be evident at this dose, but are likely limited.

MDHDB High Dose Group (400 mg/kg)

High-dose MDHDB administration provided significant renoprotection. Tubular architecture was largely preserved with only
minor dilatation (score: 11+0; p<0.05 compared to disease control), a significant reduction in intratubular debris (score:
0.840.2; p<0.05 compared to disease control), and a significant reduction in tubular epithelial necrosis (score: 0.8 +£0.2;
p<0.05 compared to disease control). The kidneys of the high-dose group appeared to have a normal architecture with the
majority of the tubules being structurally normal and there being little or no glomerular damage and significantly reduced
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inflammation.

These histopathologic findings provide direct visual evidence of the renoprotective effects of MDHDB at the tissue level
[16].In addition to the presence of severely damaged tubules in disease-control animals characterized by dilated hypocellular
tubules, proteinaceous castand cellular debris accumulation in thetubular lumens, and widespread tubular epithelialnecrosis,
represent characteristic diabetic nephropathy pathologies resulting from prolonged exposure to hyperglycemia -induced
oxidative stress, ischemia and inflammatory injury [48].

The significant renoprotection afforded by the high-dose MDHDB, with histological scores near those of normal control
animals, indicatethat basickidney architecture is preserved [ 49,50]. The reductionin tubular necrosis indicates that MDHDB
protects against various pathways of cell death such as necrosis reduction, apoptosis prevention, and autophagy modification.

Table (4): Histopathological changes in kidney

Coagulate necrosis
Groups (ﬁiz:ﬁgs hypocellular intratubular debris Otflbular epithelial
cell
Normal Control 0,440,24 010 0,240,2
Disease Control 2,6+£0,24* 3+0%* 2,840,2%*
MDHDB (200 mg/kg) | 1,8+0,37™ 1,440,24ns 1,640,24ns
MDHDB (400 mg/kg) | 1+0@ 0,840,2@ 0,84+0,2@

(Note: Data are reported as mean=SEM. Test compared to Disease group: P>0,05", P<0.05@); compared to normal control
group test: P>0,05", P<(0.05%).

CONCLUSION

Overall, the study provideda wealth of informationabout the efficacy of MDHDB in treating diabetic nephropathy according
to its significant effetcs on hyperglycemia, renal function parameters, oxidative stress (in vivo ). Therefore, MDHDB seems

to be a very capable new potential therapeutic drug for the dealing of DN, a major complication of diabetes ..
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