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	 Hypertension is the second cause of end stage renal disease (ESRD). The role of sodium-
glucose transporter inhibitor (SGLTi) in hypertensive nephropathy (HN) is still unexplored. This 
is the first study to evaluate the potential reno-protective effects of empagliflozin, SGLT2i, alone 
and in combination with lisinopril in a rat model of L-NAME-induced hypertension. A total of 
50 adult healthy male Sprague-Dawley albino rats were used in this study. HN was induced 
by using L-NAME (75 mg/kg/day) for 6 weeks. Rats were treated orally by empagliflozin alone 
(10 mg/kg/day), lisinopril alone (10 mg/kg/day) and a combination of both drugs with the same 
previously mentioned doses. Body weight (BW) and mean arterial pressure (MAP) were measured 
at the start, 3rd & 6th weeks of the study. Urine volume, albumin, creatinine, glucose and sodium 
urine levels were measured also at the start, 3rd & 6th weeks of the study. Serum creatinine, 
urea, sodium and potassium levels were also measured at the same timings. At the end of the 
study, kidney weight & renal MDA levels were assessed as well as pathological examination 
of the kidneys for all groups was done. Co-administration of empagliflozin with lisinopril 
successfully improved the biochemical & the pathological parameters in the combined group, 
more than either of the groups receiving each drug alone. Combination therapy of empagliflozin 
and lisinopril attenuated the development of renal injury than administration of either drug 
alone in L-NAME- induced HN in rats.
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	 Hypertensive Nephropathy (HN) is a state 
of renal damage due to chronic high blood pressure 
(BP). It is a widely spread disease of increasing 
incidence1.
	 Hypertension-induced renal injury is 
attributed to impaired renal autoregulation or due to 
a complex interaction between renin-angiotensin-
aldosterone system (RAAS), oxidative stress, and 
endothelial dysfunction2.
	 According to the current guidelines, 
the most effective treatment of proteinuric renal 
diseases whether diabetic or not is angiotensin 
converting enzyme inhibitors (ACEI) or angiotensin 

II type 1 receptor blockers (ARBs). However, being 
usually ineffective alone or due to their undesirable 
adverse effects, potential new treatments are 
identified3.
	 Empagliflozin is a sodium glucose co-
transporter 2 inhibitor (SGLT2i) which proved 
to be a very effective anti-hyperglycemic agent 
approved for the treatment of type 2 diabetes 
mellitus (T2DM). It has shown well characterized 
effects in lowering blood pressure in diabetes4.
	 Other studies conducted that it had 
a reactive oxygen species scavenging effect5. 
Moreover, empagliflozin has been shown to have 
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renoprotective effects with end organ protection 
in diabetic kidney disease through modulation of 
regulatory pathways6.
	 Therefore, empagliflozin showed to be 
an attractive candidate for study as a protective 
agent in HN. This study aimed to explore its 
potential effects in a rat model of HN. To our 
knowledge, no other investigations had been done 
on empagliflozin regarding this concern.

Material and Methods

Drugs and Kits
Empagliflozin
	 (Boehringer Ingelheim Pharmaceuticals, 
Inc., CT, USA, Eli Lilly and Company, Indiana, 
USA). L-NG-Nitroarginine methyl ester 
(L-NAME) powder (Sigma/Aldrich, USA). 
Lisinopril (Astrazeneca Egypt, under license of 
Astrazeneca UK). Rat Malondialdhyde (MDA) 
Kit, used for measurement of tissue MDA (Ray 
Bio, USA).
Animals Used
	 A total of 50 male adult Sprague-Dawley 
albino rats, matched for age and weight (between 
210 and 230 g), were housed in the animal house of 
Kasr Al-Aini, Medical school of Cairo University. 
After acclimatization for two weeks, they were 
randomly divided into five groups (10 rats each). 
Animals were caged (every two rats housed in a 
separate cage) in a fully ventilated room at room 
temperature with natural daily light/ dark cycle. 
They were maintained on standard rat chow and 
water ad libitum. All experiments followed the 
guidelines of the Institutional Animal Care and Use 
Committee (IACUC) Cairo University, approval 
number (CU/III/S/2/16), which comply with the 
international laws for use and care of laboratory 
animals.
Experimental Design and Animal Grouping
	 The animals were divided into five groups; 
each consists of 10 animals as follows:
A- Group I (-ve Control group)
	 Rats in this group received distilled water 
orally by oral gavage for 6 weeks. This group 
served as the -ve control group.
B- Group II (L-NAME- Induced, Hypertensive)
	 Rats in this group received L-NAME 
only by oral gavage at a dose of 75 mg/kg/day for 
6 weeks as described by O¨ktem et al7. This group 

served as the +ve control group or the hypertensive 
control group.
C- Group III (L-NAME+ Empagliflozin, 
Empagliflozin-Treated)
	 Rats in this group received empagliflozin 
by oral gavage at a dose of 10 mg/kg/day according 
to Vickers et al.8 in combination with oral L-NAME 
at a dose of 75 mg/kg/day for 6 weeks.
D- Group IV (L-NAME+ Lisinopril, lisinopril-
treated)
	 Rats in this group received lisinopril by 
oral gavage at a dose of 10 mg/kg/day as described 
by Kojima, et al.9 in combination with oral 
L-NAME at a dose of 75 mg/kg/day for 6 weeks.
E- Group V (L-NAME+ Empagliflozin + 
Lisinopril, combined- treated)
	 Rats in this group received empagliflozin 
at a dose of 10 mg/kg/day + lisinopril at a dose of 
10 mg/kg/day by oral gavage in combination with 
oral L-NAME at a dose of 75 mg/kg/day for 6 
weeks.
Induction of Hypertensive Nephropathy
	 Hypertension was induced in a total 
number of 40 rats (group II, III, IV and V) using 
freshly daily prepared L-NAME added to drinking 
water and given orally for six weeks, at a dose of 
75 mg/kg/day as described by O¨ktem et al7 for six 
weeks.
Blood Pressure Measurement
	 The tail was passed through a miniature 
cuff with a tail-cuff sensor attached to an amplifier 
(ML 125 NIBP, AD Instruments, Australia)10. 
Blood pressure was measured using rat tail 
cuff blood pressure measuring system (Harvard 
Apparatus Ltd, Edenbridge, Kent, England)11. 
Blood pressure was recorded at the same time of the 
day at; the start, three weeks later and at the end of 
the experiment. Mean arterial pressure (MAP) was 
calculated using the following equation: diastolic 
blood pressure + 1/3 (systolic blood pressure – 
diastolic blood pressure) described by Rogers & 
Oosthuyse12.
Body Weight (BW) Measurement
	 A digital weighing balance (Max 1500g 
d 0.1g) by Adam equipment was used. Rats’ BW 
was measured at the same time of the day at the 
start, three weeks later and at the end of the study. 
Biochemical Studies
	 For urine samples collection, rats were 
individually housed in metabolic cages to ensure 
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separation efficiency of urine and faeces. Animals 
were allowed free access to water during sample 
collection time. Prior to using the samples for 
measurements, urine volume was measured per 24 
hours and recorded, with values expressed in (ml/
day). Collected samples were then centrifuged at 
1500 rpm for 5 minutes and the clear supernatant 
was then stored at -20 °C and thawed just before 
use to measure urinary glucose execretion (UGE), 
albumin, creatinine and sodium levels. The urine 
volume was measured for all rats in all groups at 
the start, 3rd week and 6th week of the study.
	 Blood samples (about 1 ml) were 
obtained from the lateral tail vein of the animals 
and centrifuged at 3500 rpm for 15 minutes. 
Serum taken was then stored at -20 °C and thawed 
just before use to measure serum sodium, urea, 
creatinine, potassium. This procedure was done 
at the start, three weeks later and at the end of the 
study.
	 At the end of the experiment, the animals 
were sacrificed and the weight of kidneys` 
was recorded. Tissue from one kidney was 
homogenized in ice cold 100?mmol/l phosphate 
buffer (pH 7.4). Homogenates were centrifuged 
and the supernatant was used for biochemical 
analysis of tissue MDA content. The other kidney 
was also removed and kept in 10% phosphate 
buffered formalin. Samples were embedded in 
paraffin wax, and stained for routine pathological 
examination with Hematoxylin and Eosin (H&E 
staining)13, Periodic Acid Schiff (PAS)14 and 
Masson’s trichrome15 Examination was performed 
by two blinded observers.
Measurement of Urine Volume
	 Urine volume was measured per 24 hours. 
Values were expressed in ml/day.
Measurement of Urine Albumin
	 Determination of urinary levels of 
albumin was done as described by Webster et al16. 
Values were expressed in mg/day.
Measurement of Urine Creatinine
	 Determination of urinary levels of 
creatinine was done as described by Bowers and 
Wong17. Values were expressed in mg/dl.
Measurement of Urine glucose
	 Determination of urinary levels of glucose 
was done as described by Zilversmit et al18. Values 
were expressed in mg/day.
Measurement of Urine Sodium

	 Determination of urinary levels of 
sodium was done using flame photometry (NOVA 
Biochemical model NOVA 11, Waltham, MA). 
Values were expressed in mEq/L.
Measurement of Serum Urea
	 Determination of serum levels of urea was 
done as described by Shephard and Mezzachi,19. 
Values were expressed in mg/dl.
Measurement of Serum Creatinine
	 Determination of serum levels of urea was 
done as described by Bowers and Wong17. Values 
were expressed in mg/dl.
Measurement of Serum Sodium
	 Determination of serum levels of sodium 
was done using flame photometry (NOVA 
Biochemical model NOVA 11, Waltham, MA). 
Values were expressed in mEq/L.
Measurement of Serum Potassium
	 Determination of serum levels of 
potassium was done using flame photometry 
(NOVA Biochemical model NOVA 11, Waltham, 
MA). Values were expressed in mmol/L.
Measurement of renal Malondialdehyde (MDA)
	 Renal MDA, lipid peroxidation product, 
was measured in renal tissue homogenates 
as described by Zdenek, et al.20, values were 
expressed in nmol/gm tissue weight.
Statistical Methodology
	 Data were coded and entered using the 
statistical package SPSS version 25. Data was 
summarized using mean and standard deviation 
for quantitative variables. Comparisons between 
groups were done using analysis of variance 
(ANOVA) with multiple comparisons post hoc 
test in normally distributed quantitative variables 
while non-parametric Kruskal-Wallis test and 
Mann-Whitney test were used for non-normally 
distributed quantitative variables21. P-values less 
than 0.05 were considered statistically significant.

Results

Mean arterial pressure (MAP)
	 At the beginning of the study, there was no 
significant difference in the MAP values among the 
5 studied groups. At the 3rd and 6th weeks of the 
study, the hypertensive group showed statistically 
significant increase in the mean values of MAP 
compared to the –ve control group. Empagliflozin 
caused non-significant decrease in the MAP.  
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Meanwhile, the lisinopril- treated and the combined 
treated groups showed statistically significant 
reduction (p<0.05) in the MAP compared to the 
hypertensive group at the 3rd and 6th weeks of the 
study. The reduction was statistically significant 
(p<0.05) in the combined group compared to the 
lisinopril-treated group (Fig. 1).
Mean Body Weight
	 At the beginning of the study, there was no 
statistically significant difference in the rats’ mean 
BW among the studied groups. The hypertensive 
group showed no statistically significant increase in 
the mean values of BW compared to the –ve control 
group at the 3rd and the 6th weeks. Lisinopril 
treated group showed non- significant decrease 
in the mean BW at the 3rd and the 6th weeks. 
Meanwhile, both the empagliflozin- treated group 
and the combined group showed non- significant 
decrease in BW values at the 3rd week with 
significant reduction in its value (p<0.05) at the 6th 
week compared to the hypertensive group. There 
was no statistically significant difference between 
the reductions caused by the two groups at the 6 
th week. (Fig. 2).
Biochemical Results
Mean 24 hr Urine Volume
	 At the beginning of the study, there was no 
statistically significant difference in the mean 24 hr 

urine volume levels among the studied groups. At 
the 3rd and 6th weeks of the study, the hypertensive 
group showed non-significant decrease in the 
mean values of 24 hr urine volume compared 
to the –ve control group. Empagliflozin-treated, 
lisinopril-treated and the combined groups all 
showed statistically significant increase (p<0.05) 
in the mean 24 hr urine volume at the 3rd and 6th 
weeks of the study. In addition, the increase in 
urine volume by empagliflozin was statistically 
significant (p<0.05) compared to lisinopril. As for 
the combined treated group, there was a statistically 
significant increase (p<0.05) in the mean 24 hr 
urine volume compared to both treated groups (Fig. 
3).
Mean 24 hr Urinary Glucose Excretion (UGE)
	 At the beginning of the study, there was no 
statistically significant difference in the mean 24 hr 
UGE levels among the studied groups (Figure 4). At 
the 3rd and 6th weeks of the study, the hypertensive 
group showed no statistical difference in the mean 
values of 24 hr UGE compared to the –ve control 
group. The lisinopril- treated group showed non-
significant change compared to the hypertensive 
group. Meanwhile, the empagliflozin-treated and 
the combined group showed statistically significant 
(p<0.05) increase in the 24 hr UGE compared to the 
control group. No statistically significant difference 

Fig. 1. Effects of empagliflozin, lisinopriland their combination on mean arterial pressure (MAP) of rats
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Fig. 2. Effects of empagliflozin, lisinopriland their combination on mean body weight (BW) of rats

Fig. 3. Effects of empagliflozin, lisinopriland their combination on mean 24 hr urine volume of rats

was found between the increases in the two groups. 
(Fig. 4).
Mean 24 hr Urine Albumin
	 At the beginning of the study, there was no 
statistically significant difference in the mean 24 hr 
urine albumin levels among the studied groups. At 

the 3rd and 6th weeks of the study, the hypertensive 
group showed statistically significant increase 
(p<0.05) in the mean values of 24 hr urine albumin 
compared to the –ve control group. Empagliflozin- 
treated, showed non- significant change compared 
to the hypertensive group. Lisinopril- treated and 
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Fig. 4. Effects of empagliflozin, lisinopriland their combination on mean 24 hr urinary glucose excretion (UGE) of rats

Fig. 5. Effects of empagliflozin, lisinopriland their combination on mean 24 hr urine albumin of rats

combined- treated groups showed statistically 
significant reduction (p<0.05) compared to group 
II. The difference between the two groups was 
statistically significant (p<0.05) (fig. 5).
Mean Urine Creatinine Levels
	 At the beginning of the study, there was 
no statistically significant difference in the mean 

urine creatinine levels among all the groups. At the 
3rd and 6th weeks of the study, the hypertensive 
group showed statistically significant reduction in 
the mean values of urine creatinine as compared 
to the –ve control group. The empagliflozin treated 
showed non-significant change, whereas, both the 
lisinopril-treated and the combined-treated showed 
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Fig. 6. Effects of empagliflozin, lisinopriland their combination on mean urine creatinine levels of rats

Fig. 7. Effects of empagliflozin, lisinopriland their combination on mean urine sodium levels of rats

statistically significant increase (p<0.05) compared 
to the hypertensive group with a statistically 
significant difference (p<0.05) between the two 
results (Fig. 6).
Mean Urine Sodium Levels
	 At the beginning of the study, there was 
no statistically significant difference in the mean 

urine sodium levels among the different groups. At 
the 3rd and 6th weeks of the study, the hypertensive 
group showed no statistically significant change in 
the mean values of urine sodium as compared to 
the control group at the 3rd week and the 6th week. 
The three treated groups showed non-significant 
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A: Normal glomerulus and tubule (H&E x 400) in group I. B: Attenuated tubular lining with numerous tubular hyaline casts (H&E 
x 400) in group II. C: thickened artery with perivascular fibrosis (Masson’s Trichrome x 400) in group III. D: Mild thickening 
of glomerular basement membrane (PAS x 400) in group IV. E: Near normal renal structure with unremarkable glomerular and 
tubular changes (H&E x 400) in group V
Fig. 8. Histopathological sections of rat kidney in the different studied groups (A-E)

changes compared to the hypertensive group with 
no significant differences between them. (Fig. 7).
Mean Serum Urea Levels
	 At the beginning of the study, there was 
no statistically significant difference in the mean 
serum urea levels among all the groups. At the 3rd 
and 6th weeks of the study, the hypertensive group 
showed statistically significant increase (p<0.05) 
in its mean values compared to the –ve control 
group. The empagliflozin treated, showed non-

significant decrease compared to the hypertensive 
group. Lisinopril-treated and the combined- treated 
group showed statistically significant reduction 
(p<0.05) compared to the hypertensive group, 
with a statistically significant difference (p<0.05) 
between the two results (Table 1).
Mean serum Creatinine Levels
	 At the beginning of the study, there was 
no statistically significant difference in the mean 
serum creatinine levels in the different groups. At 
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Table 1. Effects of empagliflozin, lisinopril and their combination on mean serum urea levels of rats

	 Group I: 	 Group II: 	 Group III:	 Group IV:	 Group V:
	 Normal	 L-NAME	 L-NAME +	 L-NAME +	 L-NAME +
	 	 	 Empagliflozin	 Lisinopril	 Empagliflozin+
					     Lisinopril

Serum urea 	 37.54±0.82	 37.68±0.85	 38.28±0.98	 38.31±1.02	 37.43±0.76
(mg/dl) 
at the start
Serum urea 	 37.38±1.13	 49.33±1.75a	 47.28±3.52a	 42.44±2.2bc	 37.37±1.14bcd

(mg/dl) at 
3rd week
Serum urea 	 38.18±0.77	 57.33±1.42a	 53.62±4.34a	 43.03±1.71bc	 38.22±2.18bcd

(mg/dl) at 					   

6th week

Values are presented as mean ±SD (n=10). 
a statistically significant compared to corresponding value in group I (P<0.05)
b statistically significant compared to corresponding value in group II (P<0.05)
c statistically significant compared to corresponding value in group III (P<0.05)
dstatistically significant compared to corresponding value in group IV (P<0.05)

the 3rd and 6th weeks of the study, the hypertensive 
group showed statistically significant increase 
(p<0.05) in its mean values compared to the –ve 
control group. Empagliflozin-treated, showed 
non-significant change compared to hypertensive 
group. Lisinopril-treated and combined-treated 
showed statistically significant reduction (p<0.05) 
compared to the hypertensive group with a 
statistically significant difference between them 
(Table 2).
Mean Serum Sodium Levels
	 At the beginning of the study, there was 
no statistically significant difference in the mean 
serum sodium levels among the different groups. At 
the 3rd and 6th weeks of the study, the hypertensive 
group showed no statistically significant change 
in the mean values of serum sodium compared 
to control group. The three treated groups 
showed non-significant changes compared to the 
hypertensive group with no significant differences 
between them.
Mean Serum Potassium Levels
	 At the beginning of the study, there was no 
statistically significant difference in the mean serum 
potassium levels among the studied groups. At the 
3rd and 6th weeks of the study, the hypertensive 
group showed no statistically significant change 
in the mean values of serum potassium compared 
to control group. Empagliflozin-treated showed 

no significant difference as compared with 
hypertensive group. Meanwhile, lisinopril-treated 
and combined-treated groups showed statistically 
significant increase (p<0.05) in comparison to the 
hypertensive group with no significant difference 
found between the two groups (Table 4).
Mean Kidney Weights
	 At the end of the study, mean rats’ 
kidney weights in the hypertensive group showed 
statistically significant reduction compared to 
the –ve control group. Empagliflozin-treated, 
lisinopril-treated and the combined treated showed 
statistically significant increase (p<0.05) in kd 
weights compared to the hypertensive group. There 
was statistically significant difference (p<0.05) 
found between empagliflozin-treated and lisinopril-
treated groups. There was a statistically significant 
difference (p<0.05) between the combined- treated 
group and each of the empagliflozin and lisinopril-
treated groups at the end of the study (Table 5).
Mean Renal Malondialdehyde (MDA) Level
	 At the end of the study, the hypertensive 
group showed statistically significant elevation 
in the mean values of renal MDA compared to 
control group. Empagliflozin-treated, lisinopril 
treated and the combined- treated groups all 
showed statistically significant reduction (p<0.05) 
compared to the hypertensive group. A statistically 
significant difference (p<0.05) was found between 



408Fouqueh et al., Biomed. & Pharmacol. J,  Vol. 13(1), 399-416 (2020)

Table 2. Effects of empagliflozin, lisinopril and their combination 
on mean serum creatinine levels of rats

	 Group I: 	 Group II: 	 Group III:	 Group IV:	 Group V:
	 Normal	 L-NAME	 L-NAME +	 L-NAME +	 L-NAME +
	 	 	 Empagliflozin	 Lisinopril	 Empagliflozin +	
					     Lisinopril

Mean serum 	 0.2±0.01	 0.21±0.02	 0.2±0.02	 0.2±0.02	 0.2±0.01
creatinine
(mg/dl) at 
the start
Mean serum 	 0.21±0.01	 1.07±0.1a	 0.97±0.08a	 0.38±0.04abc	 0.22±0.02bcd

creatinine
(mg/dl) at 
3rd week
Mean serum 	 0.21±0.02	 1.29±0.21a	 1.19±0.1a	 0.42±0.04abc	 0.22±0.03bcd

creatinine
(mg/dl) at 
6th week

Values are presented as mean ±SD (n=10). 
a statistically significant compared to corresponding value in group I (P<0.05)
b statistically significant compared to corresponding value in group II (P<0.05)
c statistically significant compared to corresponding value in group III (P<0.05)
dstatistically significant compared to corresponding value in group IV (P<0.05)

Table 3. Effects of empagliflozin, lisinopril and their combination on the mean serum sodium levels of rats

	 Group I: 	 Group II:	 Group III:	 Group IV:	 Group V:
	 Normal	 L-NAME	 L-NAME +	 L-NAME +	 L-NAME +
	 	 	 Empagliflozin	 Lisinopril	 Empagliflozin +
					     Lisinopril
	
Mean serum 	 140.75±3.33	 141.27±2.65	 140.26±3.11	 140.46±2.05	 140.38±4.23
sodium (mEq/L) 
at the start
Mean serum 	 141.61±3.4	 142.83±2.44	 139.79±2.63	 139.43±2.33	 138.44±1.84
sodium (mEq/L) 
at 3rd week
Mean serum 	 142.38±3.41	 142.93±2.09	 139.11±1.57	 138.67±2.03	 138.53±2.06
sodium (mEq/L) 
at 6th week

empagliflozin and lisinopril- treated groups. There 
was a statistically significant difference between 
the combined group and each of the treated groups 
in the mean renal MDA (Table 5).
Results of the Pathological Study of the Kidneys 
of the Different Studied Groups
Microscopic Examination
Group I (-ve control)
	 In group I, H&E staining shows normal 
renal tissue where normal renal Malpighian 

corpuscle showing intact bowman’s capsule 
surrounding the glomeruli with intact basement 
membrane and normal tubular structure with 
normal lumen. PAS staining shows normal strong 
PAS reaction of the basement membrane of the 
renal corpuscle. Masson’s trichrome staining 
shows normal interstitium of the kidney with non-
congested blood vessels and no fibrosis inbetween 
(Fig. 8).
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Table 4. Effects of empagliflozin, lisinopril and their combination 
on the mean serum potassium levels of rats

	 Group I: 	 Group II: 	 Group III:	 Group IV:	 Group V:
	 Normal	 L-NAME	 L-NAME+	 L-NAME +	 L-NAME +
	 	 	 Empagliflozin	 Lisinopril	 Empagliflozin +
					     Lisinopril

Mean serum 	 4.21±0.27	 4.21±0.23	 4.21±0.21	 4.2±0.22	 4.2±0.21
potassium
(mmol/L)
at the start
Mean serum	 4.22±0.21	 4.32±0.17	 4.22±0.21	 5.62±0.39abc	 5.6±0.51abc

potassium
(mmol/L)at 
3rd week
Mean serum	 4.21±0.22	 4.32±0.18	 4.23±0.19	 5.69±0.27abc	 5.66±0.45abc

potassium
(mmol/L)at 
6th week

Values are presented as mean ±SD (n=10). 
a statistically significant compared to corresponding value in group I (P<0.05)
b statistically significant compared to corresponding value in group II (P<0.05)
c statistically significant compared to corresponding value in group III (P<0.05)

Table 5. Effects of empagliflozin, lisinopril and their combination 
on mean kidney weights and renal malondialdehyde (MDA) levels of rats

	 Group I: 	 Group II:	 Group III:	 Group IV:	 Group V:
	 Normal	 L-NAME	 L-NAME +	 L-NAME +	 L-NAME +
	 	 	 Empagliflozin	 Lisinopril	 Empagliflozin +
					     Lisinopril
	
Mean kidney 	 1.48±0.48	 0.90±0.11a	 1.02±0.07ab	 1.22±0.1abc	 1.43±0.05bcd

weights (gm) 
at the end 
of the study
Mean renal MDA 	 48.21±8.05	 154.41±13.73a	 120.36±11.4ab	 98.33±12.72abc	 73.26±8.3abcd

(nmol/gm tissue) 
at the end of 
the study

Values are presented as mean ±SD (n=10). 
a statistically significant compared to corresponding value in group I (P<0.05)
b statistically significant compared to corresponding value in group II (P<0.05)
c statistically significant compared to corresponding value in group III (P<0.05)
dstatistically significant compared to corresponding value in group IV (P<0.05)

Group II (L-NAME, Hypertensive)
	 In group II, H&E staining shows 
extensive renal tissue damage in the form of 
glomerulosclerosis, manifested by thickening 
of the glomerular capillary basement membrane 
with the surrounding tubules showing hyaline 
casts deposition leading to obliterated lumen. 

The convoluted tubular lesion is manifested by 
attenuated tubular lining with numerous tubular 
hyaline casts. PAS staining shows shrunken 
glomeruli with patchy sclerosis. Masson’s 
trichrome staining shows interstitial congested 
vessels and tubular atrophy with hyaline casts 
deposition (Fig. 8).
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Group III  (L-NAME+ Empagli f lozin, 
empagliflozin-treated)
	 In group III, H&E staining shows 
moderate glomerular lesion manifested by 
moderate glomerulosclerosis with hyaline casts and 
moderate mesangial expansion and proliferation. 
PAS staining shows moderate glomerulosclerosis. 
Masson’s trichrome staining shows thickened 
artery with perivascular fibrosis (Fig. 8).
Group IV (L-NAME+ Lisinopril, Lisinopril-
Treated)
	 In group IV, H&E staining shows 
mild glomerular lesion manifested by mild 
glomerulosclerosis with moderate interstitial 
lymphoplasmacytic inflammatory cellular infiltrate. 
PAS staining shows mild thickening of the 
basement membrane of the glomeruli. Masson’s 
trichrome staining shows patchy interstitial fibrosis 
(Fig. 8).
Group V (L-NAME + Empagliflozin+Lisinopril, 
Combined-Treated)
	 In group V, H&E staining shows near 
normal glomerular structure (as the changes seen 
considered unremarkable) with bowman’s space 
surrounded by normal convoluted tubules. PAS 
staining shows minimal glomerularosclerotic 
changes. Masson’s trichrome staining minimal 
glomerulosclerosis of the tufts with non- congested 
blood vessels and near normal renal interstitium 
with only minimal patchy fibrosis (Fig 8).

Discussion

	 To our knowledge, this is the first study 
investigating the potential effects of empagliflozin 
in a model of L-NAME-induced hypertension in 
albino rat. Hypertension is actually the second 
leading cause of ESRD. The oxidative stress has 
a basic role in the structural and functional renal 
damage in hypertensive rats22.
	 Current therapeutic regimens aim at 
reduction of urinary protein excretion and control 
of blood pressure. Blocking the renin-angiotensin 
system (RAS) with ACEI or angiotensin II type 
1 receptor blockers is the mainstay therapy in 
proteinuric renal diseases. However, they have 
several adverse effects and the need of combining 
other drugs is always recommended3.
	 Empagliflozin is a potent highly selective 
SGLT2i and generally well tolerated for the 

treatment of type 2 diabetic patients. SGLT2 is the 
main co-transporter responsible for nearly 97% of 
glucose reabsorption in the proximal convoluted 
tubules (PCT). SGLT2i showed to have a blood 
pressure lowering effect in diabetes4. By lowering 
blood glucose levels and increasing UGE, it has a 
subsequent diuretic effect23. This creates a rationale 
for testing the therapeutic potential of this class of 
drugs in non-diabetic chronic kidney diseases. Our 
target was to assess the effects of empagliflozin 
alone and combined with lisinopril on different 
parameters in a rat model of L-Name-induced HN.
	 L-NAME induced a successful model 
of hypertension & hypertensive kidney disease. 
This was approved by the study of Ahmed et al10. 
Treatment with oral empagliflozin, was associated 
with a non- significant decrease in the MAP at both; 
the 3rd & the 6th weeks. Its effects on preventing 
the rise in blood pressure did not reach significance, 
suggesting the need to test larger doses. This was 
in accordance with the results of Kusaka, et al24 but 
contradictory to Takeshige et al25 who found blood 
pressure lowering effect for the SGLTi.
	 Regarding lisinopril, it prevented the 
rise in blood pressure, the MAP was significantly 
lower at the 3rd week and the 6th weeks. As for 
the combined treated group, it was associated with 
a significant reduction in the MAP at both; the 3rd 
& the 6th weeks with near normal values to those 
of –ve control group. It is worthy to notice that no 
previous experiments have previously studied this 
combination whether in diabetic or hypertensive 
kidney disease. Moreover, it showed better anti- 
hypertensive effect than lisinopril- treated group at 
both the 3rd & the 6th weeks. This was supported 
by Kojima et al.9, 26 in a near similar study.
	 Although the mechanisms responsible 
for the blood pressure lowering effects of SGLT2i 
remain unclear; yet natriuresis and decreased or 
improving arterial stiffness seem to be the main 
mediators responsible for this effect27. It was found 
that SGLT2i improved endothelial function and 
vascular compliance due to reduction of oxidative 
stress and inflammation28, 29. In the same context, 
blood pressure reduction by SGLT2 inhibitors was 
associated with a reduction in the arterial stiffness 
in diabetic patients30, 31.
	 Regarding, the mean BW, the results of 
the current study suggested that L-NAME had no 
effect on mean BW of the rats; as no significant 
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change was noticed at the 3rd week & the 6th 
week, as compared to the –ve group. This was in 
accordance with Ozkurt et al32. On the contrary; 
these results was contradictory to those of Cheng, 
et al33.
	 As for lisinopril, it showed non- significant 
decrease in the mean BW at 3rd and 6th weeks of 
the study. Treatment with empagliflozin caused a 
non- significant decrease at the 3rd week followed 
by a significant decrease at the 6th week, as 
compared to the hypertensive group. This result 
was in accordance with Kusaka, et al.,24 but 
contradictory to Takeshige et al.25 The hypothesis 
for weight loss was the glycosuria, which would be 
projected to produce weight loss of 2 to 3 pounds 
per month34, 35. Weight loss of 5 to 7 pounds is 
common after 3 or more months of treatment with 
SGLT2i36. The weight loss effect appears to plateau 
after about 6 months. One possible explanation for 
this is a gradual compensatory increase in calorie 
intake37. Weight loss may contribute to a reduction 
in albuminuria and glomerular hyper?ltration38.
	 In the present study, a statistically 
significant reduction was detected in mean 
BW values in the combined group at the 6th 
week compared to the hypertensive group. No 
statistically significant difference, in the mean BW 
values, was detected between the combined group 
& empagliflozin- treated group. Thus; treatment 
with both drugs showed better results regarding 
weight loss compared to treatment with lisinopril 
alone, but not empagliflozin alone. Similar data 
was reported with luseogliflozin in combination 
with lisinopril by Kojima et al9.
	 In the present study, L-NAME showed 
non-significant change in rats’ mean urine volume 
at both settings; the 3rd & the 6th weeks, as 
compared to the –ve control group. This finding 
was in accordance with those of Mojiminiyi, et 
al39 but opposite to those of Benter et al40.
	 All treated groups either; empagliflozin 
or lisinopril or the combined treatment showed 
statistically significant increase in the mean urine 
volume when compared to the hypertensive 
group at the 3rd & the 6th weeks. The results 
of empagliflozin increasing urinary volume 
came in accordance with Kusaka et al24. The 
increase in urine volume by empagliflozin came 
statistically significant to that by lisinopril. This 
result was in accordance with Cassis et al6. This 

was contradictory to the results of Kojima et al26. 
Also, the combined treatment showed a significant 
increase in the mean urine volume compared to 
each of the drugs alone. This result was supported 
by the study of Kojima et al26.
	 In the present study, L-NAME showed no 
statistical change in the mean UGE as compared 
with the –ve control group at both; the 3rd & the 
6th weeks. This result was in accordance with 
Suanarunsawat et al41. As regards Lisinopril-
treatment, it showed non-significant increase in the 
mean 24 hr UGE in comparison to the hypertensive 
group.  Treatment with empagliflozin showed 
a statistically significant increase in the mean 
UGE compared to the hypertensive group. This 
result was in accordance with Takeshige el al25. 
Though Gallo et al42 mentioned that treatment 
with empagliflozin in non-diabetic mice model 
increased UGE levels by less than 100 folds. The 
combination of both drugs showed a statistically 
significant increase in the mean UGE compared to 
hypertensive group with no signigicant difference 
compared to the results of the empagliflzin- treated 
group. This was supported by Kojima, et al9 
studying a similar combination.
	 In the current study, L-NAME was 
associated with significant elevation in the 
means of; urine albumin, serum urea & serum 
creatinine and significant reduction in the mean 
urine creatinine level, compared to the –ve 
control group. These findings were in accordance 
with the results of Abd Allah and Shoman43. 
Empagliflozin administration was associated with 
a non-significant reduction in the means of urinary 
albumin levels, and renal functions; serum urea & 
serum creatinine and a non-significant elevation 
in the mean urine creatinine level compared to 
the hypertensive group. Similar data was found 
in Li et al44 study. Meanwhile, these results were 
disapproved by Gallo et al42.
	 Lisinopril treatment was associated with 
significant reduction in the means of albuminuria, 
serum urea & serum creatinine and a significant 
elevation in the mean urine creatinine level. The 
result of our study was in accordance with Kojima 
et al26. However, they were contradictory to results 
of Cassis et al6. Also the combination therapy 
(lisinopril+empagliflozin) caused statistically 
significant reduction in the means of albuminuria, 
serum urea & serum creatinine which came 
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statistically significant compared to the reduction 
caused by Lisinopril. Meanwhile, it caused a 
statistically significant elevation in the mean urine 
creatinine level with a statistically significant 
difference when compared to lisinopril. Therefore, 
the dual RAS-SGLT2 inhibition in this study 
afforded greater reno-protection effect than 
administration of either drug alone. This result was 
in accordance with Kojima et al26.
	 Moreover,  L-NAME caused non- 
significant change in the means of; urinary Na+ 
excretion, serum Na+ & serum K+ levels as 
compared with normal rats. These results were 
in accordance with those of Mojiminiyiet al39. 
However; results of Xavier et al45 were not similar.
Treatment with empagliflozin was associated 
with non- significant changes in the means of; 
urinary sodium excretion, serum Na+ & serum 
K+ levels as compared with hypertensive group. 
These results were in accordance with those of 
Al-Jobori & his colleagues46. Moreover; Kusaka 
and his colleagues24 mentioned that treatment 
with empagliflozin increased significantly 24-h 
urinary Na+ excretions at the first week only of 
the experiment; similar results were concluded by 
Kulikov et al47.
	 Lisinopril was associated with non-
significant changes in both; mean urinary and serum 
sodium excretion level with a significant increase in 
serum potasium compared to hypertensive group. 
In a near scenario study, Cassis et al6 found no 
significant difference in the mean serum sodium 
levels, with significant decrease in the mean urinary 
Na+ excretion, on lisinopril administration versus 
dapagliflozin. The authors referred the difference 
in the urinary sodium excretion, between the 
two drugs, to the significant increase in urinary 
Na+ excretion caused by the dapagliflozin while 
lisinopril kept the levels around normal values.
	 The combined treated group showed 
non- significant change in urinary sodium, serum 
sodium with a significant increase in serum 
potasium compared to the hypertensive group. No 
significant difference was found between the results 
of lisinopril and combined treated group regarding 
serum potassium.
	 At the end of this study, L-NAME 
showed statistically significant reduction in the 
mean kidney weights’ and a significant increase 
in renal MDA levels of the rats as compared with 

the –ve control group.  This was in accordance 
with Cheng, et al33 but contradictory to Chandran 
et al48. Empagliflozin treatment showed significant 
increase in mean kidney weights and significant 
reduction in the renal MDA means as compared 
with the hypertensive group. This came similar to 
results of Andreadou et al50 but opposite to those 
of Nagata et al49.
	 Lisinopril treatment was associated with; 
significant increase in the mean kidney weights 
and significant reduction in the mean renal MDA, 
when compared to empagliflozin-treated group. 
Contradictory results were concluded by Abdel-
Wahab et al51. Administration of both empagliflozin 
and lisinopril caused significant elevation in the 
mean kidney weights and significant reduction in 
the mean renal MDA, when compared with either 
drug alone. Similar data was reported by Abdel-
Wahab et al51.
	 As for the pathological examination of 
rats’ kidney tissues, the findings in the hypertensive 
group were in agreement with Abd Allah and 
Shoman43. Treatment with empagliflozin alone 
attenuated the degree of glomerulosclerosis, 
compared to the hypertensive group. The results 
were in agreement with Lee et al52. However, 
Gallo et al42 reported that glomerulosclerosis 
was increased and not affected by empagliflozin 
treatment. Regarding lisinopril treatment, it showed 
better results than empagliflozin alone concerning 
rats’ renal pathology. Administration of both 
empagliflozin and lisinopril was associated with 
near normal glomerular structure. These findings 
were in partial agreement with those of Kojima et 
al. 26.
	 Therefore, we deduced from our results 
that combined empagliflozin with lisinopril 
provided superior renoprotective effects than 
either drug alone. The improvement of renal 
injury is arttributed to decreased oxidative stress 
and cytokines due to blocking of RAAS26. Many 
hypotheses explain the nephroprotective effect 
exerted by empagliflozin. The ability of the 
combination to decrease blood pressure is a very 
important factor27.
	 Normalization of the glomerular 
hyperfiltration has been involved in the mechanisms 
behind the renoprotective effect of SGLT2i. 
Sodium glucose co-transporters 2 decrease 
glucose and sodium reabsorption in the PCT which 
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further decreases sodium to the macula densa, 
causing afferent arteriolar VD, and glomerular 
hyperfiltration53. SGLT2i restores solute delivery to 
the macula densa causing reversal of afferent VD 
and normalization of glomerular hyperfilteration. 
Among the mechanisms by which empagliflozin 
may normalize glomerular hyperfiltration is the 
decrease in renal blood flow and renal vascular 
resistance54.
	 Another postulated mechanism for 
renoprotection is the relation of SGLT2i to 
RAAS [55]. SGLT2i mediates activation of the 
depressor arm of the RAAS. In contrast to the 
pressor arm of the RAAS, the depressor arm exerts 
beneficial effects in kidney diseases; both diabetic 
& hypertensive56 .Muskiet & his colleagues,57 
mentioned that these favorable effects of SGLT2i-
mediated activation of the depressor arm of the 
RAAS, may occur only in combination with RAAS 
inhibition by ACE inhibitors and ARBs.30. Further 
evidence will be required to elucidate the beneficial 
effects of RAAS activation by SGLT2i
	 Another postulation in the mechanisms 
of reno-protection of SGLT2i is its relation to 
erythropoietin (EPO). SGLT2i stimulate renal 
erythropoietin production. EPO attenuated 
albuminuria and reduced tubular injury, 
inflammation, and interstitial fibrosis by inhibiting 
inflammatory markers and oxidative stress59, 28.

Conclusion

	 In summary; due to the increasing 
morbidity and mortality caused by hypertensive 
nephropathy,there is a continuous search for 
novel therapeutic strategies. Empagliflozin in 
combination with lisinopril can be introduced 
aiming to maximally reduce albuminuria, control 
blood pressure, and delay progression of HN to 
ESRD55.  These new drug regimens attenuated 
the development of renal injury in the L-NAME-
induced rat model of HN. Therefore, for those 
individuals in which nephroprotection by RAS 
blockade is only partial, SGLT2i could be a 
promising new class of drugs to provide further 
reno-protective bene?ts when added to ACE 
inhibitors or RAS blockers. We concluded 
that empagliflozin could show new insights 
in hypertensive kidney disease, especially in 
combination with lisinopril. A higher dose, longer 

duration of empagliflozin and other SGLT2i is 
recommended for further studying, alone and in 
combination with RAS blockade therapeutics in 
HN disease. Further researches to refine our results 
should be done.
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