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Abstract

Background: Persistent oxidative stress and chronic low-grade inflammation are hallmarks of diabetes mellitus, and both are impor-
tant factors in the onset and course of diabetic complications. Although frankincense (Boswellia sacra) is widely known for its anti-
inflammatory and antioxidant properties, its coordinated effects on pro- and anti-inflammatory mediators in the context of diabetes
remain poorly understood. Methods: Three groups of adult male Sprague-Dawley rats were randomly assigned: 10 healthy control rats,
15 diabetic control rats, and 15 diabetic rats administered oral frankincense extract (500 mg/kg/day) for 28 days. Type 2 diabetes mellitus
was induced in the designated groups by a single intraperitoneal injection of streptozotocin (STZ; 55 mg/kg). On days 14 and 28, serum
samples were collected to measure antioxidant indicators, including glutathione peroxidase (GPx), catalase (CAT), superoxide dismutase
(SOD), and malondialdehyde (MDA). Tumor necrosis factor-a (TNF-a), interleukin-1f (IL-18), transforming growth factor-f (TGF-),
connective tissue growth factor (CTGF), serum amyloid A (SAA), C-reactive protein (CRP), and interleukin-10 (IL-10) were among the
inflammatory and regulatory biomarkers evaluated. Histopathological samples were collected from the liver, kidneys, and pancreas on
day 28 of the experiment. Results: Diabetic controls exhibited significant reductions in CAT, SOD, and GPx activities compared with
healthy controls (p < 0.05), alongside elevated MDA, CRP, SAA, TNF-qa, and IL-1B (p < 0.05). Frankincense supplementation for 28
days significantly increased CAT (101.3 £ 19.11 U/L) and GPx (39.39 + 0.93 mU/mL) compared with diabetic controls (64.14 £ 1.25
U/L and 20.43 £ 0.97 mU/mL; p < 0.05 and 0.001, respectively). MDA levels were reduced from 17.4 & 0.82 to 9.44 + 0.29 nmol/mL
(» <0.001). CRP and SAA decreased markedly to 50.4 + 2.08 U/L and 9.65 + 0.40 ng/mL, respectively (p < 0.01 vs. diabetic controls).
TNF-o was significantly reduced to 14.11 + 0.98 pg/mL on day 14 (p < 0.001), but returned to levels comparable to untreated diabetic
rats by day 28. At the end of the experiment, Frankincense supplementation significantly elevated TGF-f levels (p < 0.01) but did not
significantly alter CTGF levels, while IL-10 levels decreased significantly (»p < 0.001). Frankincense ameliorated and partially restored
the adverse histopathological findings of diabetes in rats, including hepatocyte swelling and fatty degeneration, glomerular hemorrhage
and inflammation, and pancreatic injury. Conclusions: Frankincense supplementation at 500 mg/kg for 28 days effectively attenuates
diabetes-induced oxidative stress by restoring antioxidant activities and reducing lipid peroxidation, while suppressing key proinflam-
matory mediators. These findings support the further investigation of frankincense as an adjunctive strategy for managing the oxidative
and inflammatory burden associated with diabetes.
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1. Introduction mation, as major contributors to the onset and advancement

. . . of complications associated with diabetes.
Diabetes mellitus represents one of the most impor-

tant worldwide health concerns of the twenty-first century.
The International Diabetes Federation projects that 537 mil-
lion adults worldwide received a diabetes diagnosis in 2021,
and that number is predicted to increase to nearly 783 mil-
lion by 2045 [1]. Several chronic consequences, including
cardiovascular disease, nephropathy, retinopathy, and neu-
ropathy, are associated with this metabolic condition, which
is typified by persistent hyperglycemia brought on by ab-
normalities in insulin secretion, action, or both [2]. In ad-
dition to the traditional disturbances in glucose regulation,
growing evidence points to two interconnected pathological
processes, oxidative stress and chronic low-grade inflam-

The hyperglycemic environment that characterizes di-
abetes disrupts cellular redox homeostasis through several
interrelated mechanisms. These include enhanced gener-
ation of reactive oxygen species (ROS) arising from mi-
tochondrial electron transport chain impairment, glucose
autoxidation, and increased flux through the polyol and
hexosamine pathways. Persistent ROS overproduction ex-
ceeds the capacity of intrinsic antioxidant defenses, partic-
ularly key enzymatic systems such as superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GPx),
resulting in extensive damage to cellular macromolecules.
A prominent consequence of this oxidative stress is lipid
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peroxidation, typically indicated by elevated malondialde-
hyde (MDA) levels, thereby compromising membrane in-
tegrity and disrupting cellular function.

Concurrent with these redox disturbances, prolonged
hyperglycemia stimulates proinflammatory signaling path-
ways, notably through activation of nuclear factor-kB
(NF-kB), which upregulates the production of inflamma-
tory mediators including tumor necrosis factor-a (TNF-a),
interleukin-1f (IL-1B), and acute-phase proteins such as C-
reactive protein (CRP) and serum amyloid A (SAA) [3].
This chronic inflammatory state is further intensified by al-
terations in regulatory cytokines and repair-associated fac-
tors, including transforming growth factor-f§ (TGF-p), con-
nective tissue growth factor (CTGF), and interleukin-10
(IL-10), all of which are essential for maintaining immune
balance, facilitating tissue repair, and ensuring the resolu-
tion of inflammation.

The constraints and potential adverse effects as-
sociated with conventional antidiabetic therapies have
prompted growing interest in complementary and alterna-
tive treatment approaches [4]. While metformin contin-
ues to serve as a first-line therapy, its use is often limited
by gastrointestinal side effects and, albeit rarely, the risk
of lactic acidosis. Likewise, sulfonylureas are commonly
associated with weight gain and an elevated risk of hypo-
glycemia, whereas thiazolidinediones have been implicated
in fluid retention, weight gain, and unfavorable cardiovas-
cular outcomes [5]. In this context, plant-derived natu-
ral products have emerged as promising candidates for de-
veloping multi-target antidiabetic interventions with poten-
tially improved safety profiles [6]. Among these, frankin-
cense, the oleo-gum resin obtained from Boswellia species,
has garnered significant scientific interest due to its broad
spectrum of pharmacological activities, particularly its anti-
inflammatory and antioxidant properties [7].

A growing body of preclinical evidence underscores
the therapeutic potential of frankincense in metabolic dis-
ease contexts. A systematic review by Mahdian et al.
[8] indicated that Boswellia species ameliorate hyper-
glycemia, improve lipid profiles, and mitigate diabetic
complications through mechanisms including enhanced in-
sulin sensitivity, preservation of pancreatic f-cell func-
tion, and attenuation of oxidative stress. In streptozotocin
(STZ)-induced diabetic rats, administration of Boswellia
sacra ethanol extract (200 mg/kg/day) produced signifi-
cant reductions in blood glucose, increased circulating in-
sulin levels, strengthened antioxidant defense systems, sup-
pressed pro-inflammatory cytokine production, and main-
tained pancreatic and hepatic histoarchitecture, demonstrat-
ing efficacy comparable to metformin [9]. Consistent find-
ings have been reported for Boswellia serrata, whose gum
resin has been shown to alleviate oxidative stress and re-
duce markers of hepatic and pancreatic injury in diabetic
models [10]. Atthe molecular level, boswellic acids, partic-
ularly 11-keto-B-boswellic acid (KBA) and acetyl-11-keto-

B-boswellic acid (AKBA), appear to exert antidiabetic and
cardioprotective effects through modulation of adenosine
monophosphate-activated protein kinase (AMPK) signal-
ing pathways and interactions with key enzymes involved
in metabolic regulation [11,12].

Although evidence supporting the antidiabetic activ-
ity of frankincense is steadily increasing, several important
mechanistic aspects remain insufficiently defined. Most
available studies have focused primarily on its glucose-
lowering and broad antioxidant properties, with compara-
tively limited attention to its integrated effects on inflamma-
tory regulatory networks. In particular, the impact of frank-
incense on key modulatory biomarkers, such as CTGEF,
and on the dynamic balance between proinflammatory cy-
tokines (TNF-a, IL-1fB) and anti-inflammatory mediators
(IL-10) has not been comprehensively elucidated. More-
over, uncertainties persist regarding optimal dosing regi-
mens and treatment duration. To address these gaps, the
present study evaluates the effects of Boswellia sacra sup-
plementation on oxidative stress indices, lipid peroxidation,
proinflammatory biomarkers (CRP, SAA, TNF-a, IL-1p),
and anti-inflammatory mediators (TGF-$, CTGF, IL-10) in
a STZ-induced diabetic rat model. A 28-day supplementa-
tion protocol (500 mg/kg body weight), as described by Al-
Edany and Alhelfi [13], was employed. This comprehen-
sive approach is intended to clarify the multi-target actions
of frankincense and to further substantiate its potential as
an adjunctive therapeutic strategy for alleviating oxidative
stress and inflammatory dysregulation in diabetes mellitus

(Fig. 1).

2. Materials and Methods
2.1 Animals

A total of 40 adult male Sprague—Dawley rats (8—10
weeks old, weighing 200-250 g) wereused in this study.
The animals were originally obtained from the animal fa-
cility of the College of Pharmacy, King Saud University,
Riyadh, Saudi Arabia, and subsequently maintained in the
College experimental animal unit under standard husbandry
conditions (22 + 2 °C, 50—-60% relative humidity, and a 12
h light/12 h dark cycle) with free access to a standard pel-
let diet and water ad libitum. After a one-week acclima-
tization period, the animals were randomly allocated into
three main groups. The first group (n = 10) consisted of
healthy control rats that underwent all handling and experi-
mental procedures and served as the physiological baseline
for serum measurements. The second group (n = 15) con-
sisted of diabetic control rats. The third group (n=15) com-
prised diabetic rats that received daily frankincense supple-
mentation for 28 days. Sample size was based on previ-
ous similar studies and a target statistical power. Animals
showing infection, >20% weight loss, abnormal behavior,
or unrelieved severe distress were excluded and managed
according to humane endpoint criteria. All animals were
humanely euthanized at study completion using an over-
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Frankincense Extract Attenuates Oxidative Stress, Inflammation, and Tissue Damage in STZ-Induced
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Fig. 1. A detailed flowchart of the design process employed in the current study.

dose of inhaled isoflurane (=5% in oxygen) administered
in a sealed chamber, followed by confirmation of death
through cervical dislocation performed by trained person-
nel, in accordance with ethical guidelines.

2.2 Induction of Diabetes Mellitus

Type 2 diabetes mellitus was induced in the desig-
nated groups by a single intraperitoneal (i.p.) injection
of STZ (Santa Cruz Biotechnology, Germany) at a dose
of 55 mg/kg body weight, freshly prepared in cold 0.1 M
citrate buffer (pH 4.5). After 15 min, the animals were
given nicotinamide (55 mg/kg) intraperitoneally [14]. Non-
diabetic controls received an equal volume of citrate buffer.
Fasting blood glucose was measured 72 h post-injection
and subsequently at weekly intervals using tail vein blood
samples and a calibrated glucometer (Accu-Chek Performa,
Roche Diagnostics). Rats with fasting blood glucose >250
mg/dL were deemed diabetic and included in the experi-
ment. Diabetic animals were monitored daily for clinical
signs of distress, including polyuria, polydipsia, and body
weight loss, and were provided supportive care as required.
Subcutaneous saline was administered as needed to prevent
dehydration and ensure animal welfare.

2.3 Frankincense Supplementation Protocol

Frankincense (Boswellia sacra) gum resin granules
were finely crushed and ground into a powder. A total
of 50 grams of powder were macerated in 500 mL dis-
tilled water at room temperature for 24 h. The mixture
was centrifuged at 1000 rpm for 10 min, and the super-
natant was vacuum-filtered through Whatman No. 1 filter
paper. The aqueous extract was stored at 4 °C until use. The
intervention group received oral frankincense extract (500
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mg/kg) once daily for 28 days, as per Al-Edany and Alhelfi
[13]. This dose was selected based on prior experimental
evidence demonstrating its bioactive efficacy in modulat-
ing metabolic and inflammatory pathways. To control for
gavage-related stress, non-supplemented groups (diabetic
and non-diabetic controls) received an equivalent volume
of distilled water via oral gavage. The supplementation
regimen was maintained consistently throughout the exper-
imental period.

2.4 Serum Collection

At the designated time points (days 14 and 28), as well
as at baseline for the healthy control group, rats were fasted
for 6 h before blood collection. Animals were anesthetized
with 3-5% isoflurane for induction and maintained at 1.5-
3% isoflurane in oxygen during blood collection. Blood
samples were collected from the medial canthus using ster-
ile capillary tubes, left to clot at room temperature for 30
minutes, then centrifuged at 3000 xg and 4 °C for 15 min-
utes. The resulting clear serum was carefully aliquoted
into sterile, low protein-binding microcentrifuge tubes and
stored immediately at —20 °C to preserve the stability of an-
tioxidants and cytokines for subsequent biochemical anal-
yses.

2.5 Antioxidant and Oxidative Stress Markers

Serum samples were analyzed for antioxidant enzyme
activities and lipid peroxidation using commercially avail-
able assay kits, including GPx (Biodiagnostic, Cat. No.
2524), SOD (Biodiagnostic, Cat. No. 2521), CAT (Bio-
diagnostic, Cat. No. 2517), and MDA (Biodiagnostic, Cat.
No. 2581), according to the manufacturers’ instructions.
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2.6 Inflammatory and Regulatory Biomarkers

Serum concentrations of inflammatory biomarkers,
including CRP, SAA, TNF-a, and IL-1B, were quanti-
fied using rat-specific enzyme-linked immunosorbent as-
say (ELISA) kits (Sunlong Biotech Ltd., China; Cat. Nos.
EL0006Ra, SL0625Ra, SLO722Ra, and HS-EL0039Ra, re-
spectively). Anti-inflammatory and regulatory mediators,
such as TGF-B, CTGF, and IL-10, were measured us-
ing commercially available rat-specific ELISA kits from
the same manufacturer (Sunlong Biotech Ltd., China; Cat.
Nos. SL0708Ra, SLO196Ra, and HS-EL0031Ra, respec-
tively), in accordance with the manufacturers’ protocols.

2.7 Histopathology

Parts of the liver, kidneys, and pancreas of all groups
were sampled at the end of the experiment and immersed in
10% neutral buffered formalin. The fixed tissue samples,
about 1 cm? in size, were trimmed to 5 mm and processed
as follows: dehydrated through a series of ascending grades
of'alcohol, cleared in three changes of xylene, impregnated
with paraffin wax, and finally embedded in melted paraffin
(60 °C). The tissues were then sectioned at 5 pm and rou-
tinely stained with hematoxylin and eosin (H&E) for mi-
croscopic examination.

2.8 Statistical Analysis

Data are expressed as the mean + standard error of the
mean (SEM). Normality was assessed using the Shapiro—
Wilk test, and group comparisons over two time points were
analyzed by two-way analysis of variance (ANOVA) (treat-
ment and time factors). When the overall ANOVA indi-
cated significance (p < 0.05), Tukey’s post hoc test was
applied for multiple comparisons. All statistical analyses
were conducted using GraphPad Prism software (version
9.0; GraphPad Software, Inc., Boston, MA, USA), with p <
0.05 considered statistically significant.

3. Results

3.1 Effect of Frankincense Supplementation on Oxidative
Stress in Diabetic Rats

Diabetic control rats exhibited significantly reduced
serum antioxidant enzyme activities compared with healthy
controls (p < 0.01; Table 1). Serum CAT activity was
markedly decreased in diabetic rats (64.14 + 1.25 U/L) rel-
ative to healthy controls (150.9 &+ 3.59 U/L). Following 28
days of frankincense supplementation (500 mg/kg), CAT
activity increased significantly to 101.3 + 19.11 U/L (p <
0.05 vs. diabetic controls), approaching normal physiolog-
ical levels. Similarly, SOD activity was significantly sup-
pressed in diabetic control rats (82.5 + 7.5 U/mL) compared
with healthy controls (135.0+ 10.5 U/mL; p <0.01). Frank-
incense supplementation for 28 days restored SOD activity
to 78.75 £ 9.43 U/mL in treated diabetic rats; however, this
change represented only a modest improvement. GPx activ-
ity also declined significantly following diabetes induction

(20.43 £ 0.97 mU/mL) compared with healthy rats (34.04 +
2.91 mU/mL; p < 0.01). Treatment with frankincense sig-
nificantly increased GPx levels to 39.39 =+ 0.93 mU/mL af-
ter 28 days (p < 0.001 vs. diabetic controls), restoring val-
ues to levels close to those observed in the healthy group.
Overall, frankincense supplementation markedly amelio-
rated diabetes-induced oxidative stress by restoring key an-
tioxidant enzymes toward normal levels.

3.2 Effect of Frankincense Supplementation on Lipid
Peroxidation in Diabetic Rats

Diabetic control rats exhibited a significant increase
in serum MDA levels (17.4 = 0.82 nmol/mL) compared
with healthy controls (9.7 £ 1.69 nmol/mL, p < 0.01 on
day 28; Table 1), reflecting increased lipid peroxidation.
Following 28 days of frankincense supplementation (500
mg/kg), MDA concentrations were significantly reduced
relative to untreated diabetic rats (9.44 = 0.29 vs. 17.4
+ 0.82 nmol/mL; p < 0.001). Notably, MDA levels in
frankincense-treated diabetic rats approached those ob-
served in healthy controls, indicating effective attenuation
of diabetes-induced oxidative damage to membranes.

3.3 Effect of Frankincense Supplementation on
Inflammatory Biomarkers in Diabetic Rats

Serum levels of CRP, SAA, TNF-a, and IL-1p were
quantified (Table 2). Diabetic control rats exhibited
a marked increase in systemic inflammatory biomarkers
compared with healthy control animals (p < 0.05). Specif-
ically, serum CRP levels were significantly elevated in un-
treated diabetic rats (187.1 £ 1.42 and 181.7 = 21.07 U/L)
relative to healthy controls (136.7 + 2.5 U/L; p < 0.05).
Following 28 days of frankincense supplementation (500
mg/kg), CRP concentrations were significantly reduced to
50.40 = 2.08 U/L (p < 0.001 vs. diabetic controls), indi-
cating a pronounced anti-inflammatory effect. Similarly,
serum SAA levels were significantly higher in diabetic con-
trol rats compared with healthy animals (22.47 £ 0.76 vs.
10.28 + 0.72 ng/mL; p < 0.01). Frankincense treatment for
28 days resulted in a significant reduction in SAA levels
(9.65 = 0.40 ng/mL; p < 0.01 vs. diabetic controls), with
values approaching those observed in the healthy group.

Proinflammatory cytokines were also markedly ele-
vated in diabetic rats. TNF-a levels increased significantly
in diabetic controls (34.13 + 5.63 pg/mL) compared with
healthy rats (20.84 £ 0.94 pg/mL; p < 0.01). Frankincense
supplementation significantly reduced TNF-o concentra-
tions on day 14 (p < 0.001 vs. diabetic controls); however,
by day 28, TNF-a levels in frankincense-treated rats were
elevated and comparable to those observed in untreated di-
abetic rats, indicating a transient anti-inflammatory effect
that diminished with prolonged supplementation. Like-
wise, serum IL-1f levels were significantly elevated in dia-
betic control animals (25.73 £ 3.73 pg/mL) compared with
healthy controls (13.97 £ 1.94 pg/mL; p <0.01). Treatment
with frankincense resulted in a modest reduction in IL-1
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Table 1. Serum levels of catalase (CAT), superoxide dismutase (SOD), glutathione peroxidase (GPx), and malondialdehyde

(MDA).
Group CAT (U/L) SOD (U/mL) GPx (mU/mL) MDA (nmol/mL)
Healthy control group 150.9 £ 3.59 135.0+£10.5 34.04 £291 9.7+ 1.69
Diabetic control group (day 14) 89.4 £8.25* 76.25 £11.43**  23.69 + 1.63* 14.74 + 1.25%*
Diabetic control group (day 28) 64.14 + 1.25%* 82.5+7.5%* 20.43 £ 0.97** 17.4 +£0.82%*
Diabetic + frank. group (day 14)  121.8 £19.05*°  100.25 + 7.442 32.58 +£2.55° 10.55 = 1.09°
Diabetic + frank. group (day 28)  101.3 +19.11* 78.75+9.43 39.39 +£0.93¢ 9.44 +0.29°

Data are presented as the mean =+ standard error of the mean (SEM). * and ** denote significant differences in

the diabetic control group versus the healthy control (p <0.05 and p <0.01, respectively). Different superscript

letters (a, b, ¢) indicate significant differences versus the diabetic control within the same day (p < 0.05, p <

0.01, and p < 0.001, respectively).

Table 2. Serum levels of C-reactive protein (CRP), serum amyloid A (SAA), tumor necrosis factor-o (TNF-a), and
interleukin-1p (IL-1p).

Group CRP (U/L) SAA (ng/mL)  TNF-o (pg/mL) IL-1B (pg/mL)
Healthy control group 136.7+2.5 10.28 £0.72 20.84 +0.94 13.97 £ 1.94
Diabetic control group (day 14) 187.1 + 1.42% 20.36 + 0.64* 3225+2.81*% 2816+ 0.96%*
Diabetic control group (day 28) 181.7£21.07* 2247 +£0.76%* 3413 +£5.63**  25.73 £3.73%*
Diabetic + frank. group (day 14)  31.71 + 18.93¢ 14.14 £2.542 14.11 £ 0.98¢ 26.23 £7.09
Diabetic + frank. group (day 28) 50.4 +£2.08° 9.65 + 0.40P 39.23+£7.18 21.71+2.55

Data are presented as the mean + SEM. * and ** denote significant differences in the diabetic control group

versus the healthy control (p <0.05 and p < 0.01, respectively). Different superscript letters (a, b, ¢) indicate

significant differences versus the diabetic control within the same day (» < 0.05, p < 0.01, and p < 0.001,

respectively).

levels to 21.71 + 2.55 pg/mL; however, this decrease did
not reach statistical significance versus the diabetic control
group, indicating a limited or partial effect of frankincense
on IL-1B-mediated inflammatory signaling.

Collectively, these findings suggest that frankincense
supplementation attenuates diabetes-induced systemic in-
flammation, as evidenced by reductions in acute-phase re-
actants and key proinflammatory cytokines.

3.4 Effect of Frankincense Supplementation on
Anti-inflammatory Biomarkers in Diabetic Rats

The effects of frankincense supplementation on serum
levels of anti-inflammatory biomarkers, including TGF-f,
CTGF, and IL-10, were evaluated (Table 3). Diabetic con-
trol rats showed no significant difference in serum TGF-
B levels compared with healthy control rats. In contrast,
frankincense supplementation in diabetic rats significantly
increased serum TGF-3 concentrations on days 14 and 28
relative to the diabetic control group (»p <0.001 and p <0.01,
respectively). CTGF levels were markedly elevated in di-
abetic control rats compared with healthy controls (514.9
+22.92 and 306.2 + 21.46 vs. 176.2 = 4.79 pg/mL; p <
0.001 and p < 0.05 on days 14 and 28, respectively). Frank-
incense administration exhibited a significant reduction in
serum CTGF levels only on day 14 (p < 0.01), indicating
that frankincense supplementation exerted a transient mod-
ulatory effect on CTGF expression that was not sustained
with prolonged treatment.
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In contrast, serum levels of the anti-inflammatory cy-
tokine IL-10 showed no significant differences between
healthy and diabetic control rats (p > 0.05), suggesting that
diabetes did not significantly affect systemic IL-10 levels
during the experimental period. Notably, IL-10 levels de-
creased significantly on days 14 and 28 following frankin-
cense supplementation (p < 0.05 vs. diabetic controls), in-
dicating that frankincense may have altered immune home-
ostasis by diminishing the need for elevated IL-10-mediated
anti-inflammatory activity.

3.5 Histopathological Findings

In the control group, the general structure of the hep-
atic parenchyma was preserved. The hepatic lobules were
composed of normal hepatocytes, surrounded by sinusoids,
and arranged radially towards the centrilobular veins, with
Kupffer cells and red blood cells in the capillary lumen.
Portal areas were also normal, with no observed inflamma-
tory infiltration, fatty degeneration, or abnormal distribu-
tion of fibroblasts or collagen in rats (Fig. 2A). In STZ-
treated rats, hepatocytes were enlarged and contained abun-
dant glycogen with obscured narrow sinusoids; in some
fields, hepatocytes also contained focal fatty vacuoles (Fig.
2B). Dilated central veins as well as sinusoids were also ob-
served (Fig. 2C). In frankincense diabetic rats, hepatic tis-
sue showed near-restoration of normal hepatic architecture
closely resembling the control group (Fig. 2D).
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Table 3. Serum levels of transforming growth factor-p (TGF-B), connective tissue growth factor (CTGF), and interleukin-10

(IL-10).
Group TGF-B (pg/mL) CTGF (pg/mL) IL-10 (pg/mL)
Healthy control group 2.83+0.29 176.2 £4.79 20.21 +1.09
Diabetic control group (day 14) 3.15+£0.67 514.9 £22.92%%* 16.6 £3.69
Diabetic control group (day 28) 3.67+0.38 306.2 +21.46* 20.5+3.17
Diabetic + frank. group (day 14) 11.00 + 1.93¢ 327.8 +68.23b 14.27 £3.432
Diabetic + frank. group (day 28) 5.53+0.20° 230.3+£7.08 8.45+£2.51°

Data are presented as the mean £ SEM. * and *** denote significant differences in the diabetic

control group versus the healthy control (» <0.05 and p <0.001, respectively). Different superscript
letters (a, b, ¢) indicate significant differences versus the diabetic control within the same day (p <
0.05, p <0.01, and p <0.001, respectively).

Fig. 2. Histopathological evaluation of hepatic tissue in control, STZ-induced diabetic, and Frankincense-treated diabetic rats.
(A) Liver of a control rat with preserved hepatic parenchyma architecture (hematoxylin and eosin (H&E), scale bar = 100 um). (B)
Liver of a streptozotocin (STZ)-treated rat with enlarged glycogen-rich hepatocytes with obscured narrow sinusoids (H&E, scale bar
= 50 pm). (C) Liver of an STZ-treated rat with dilated central veins as well as sinusoids (H&E, scale bar = 50 pm). (D) Liver of a
frankincense-treated diabetic rat with near-restoration of normal hepatic architecture (H&E, scale bar = 50 pm).

Control rats displayed healthy renal tissue withnormal ~ row or absent. Tubular epithelial denudation and desqua-
glomeruli and tubules (Fig. 3A). In contrast, STZ-diabetic mation were also observed (Fig. 3B,C). In frankincense di-

rats exhibited thickened glomerular basement membrane, abetic rats, there was a marked improvement in renal his-
glomerular hemorrhage, and severe glomerular injury (Fig.  tology, with restoration of glomerular and tubular structures
3B,C). Renal tubules were swollen, and lumens were nar- (Fig. 3D).
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Fig. 3. Histopathological evaluation of renal tissue in control, STZ-induced diabetic, and Frankincense-treated diabetic rats. (A)

Renal tissue of a control rat with normal glomeruli and tubules (H&E, scale bar = 100 um). (B) Renal tissue of an STZ-treated rat with

thickened glomerular basement membrane, glomerular hemorrhage, and severe glomerular and tubular injury (H&E, scale bar = 50 um).

(C) Higher magnification of panel B (H&E, scale bar =20 um). (D) Renal tissue from frankincense-treated diabetic rats with improved

renal histology to control levels (H&E; scale bar = 50 um).

In the control group, the exocrine and endocrine tis-
sues were normal (Fig. 4A). In the STZ-diabetic group,
shrinkage in islet size and reduced numbers of a- and B-cells
were observed. Moreover, there was progressive exocrine
pancreatic damage, including acinar cell atrophy (Fig. 4B),
architectural distortion, nuclear pyknosis, and cytoplasmic
changes (Fig. 4C). In frankincense-diabetic rats, restoration
of the pancreatic endocrine and exocrine tissues to near-
normal architecture was observed (Fig. 4D).

4. Discussion

The present study provides comprehensive evidence
that frankincense (Boswellia sacra) supplementation exerts
significant antioxidative and anti-inflammatory effects in a
STZ-induced diabetic rat model. Following 28 days of oral
administration at a dose of 500 mg/kg body weight, frank-
incense effectively restored the activity of key endogenous
antioxidant enzymes, including CAT, SOD, and GPx, while
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concomitantly reducing MDA levels, a reliable biomarker
of lipid peroxidation. These findings indicate a robust pro-
tective effect against diabetes-induced oxidative stress.

In parallel, frankincense treatment markedly attenu-
ated the diabetes-associated elevation of systemic proin-
flammatory mediators, including CRP, SAA, TNF-a, and
IL-1PB, underscoring its potent anti-inflammatory poten-
tial. Notably, the intervention exerted differential and time-
dependent effects on anti-inflammatory and regulatory cy-
tokines, including TGF-B, CTGF, and IL-10. This pat-
tern suggests a nuanced immunomodulatory action, char-
acterized by selective regulation of inflammatory pathways
rather than indiscriminate immunosuppression.

4.1 Restoration of Antioxidant Defense Mechanisms

The observed restoration of antioxidant enzyme activ-
ities in the present study is consistent with a growing body
of evidence supporting the redox-modulating properties of
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Fig. 4. Histopathological evaluation of pancreatic tissue in control, STZ-induced diabetic, and Frankincense-treated diabetic rats.

(A) Pancreatic tissue of a control rat with acini with cuboidal cell lining and central lumen (H&E, scale bar =20 pm). (B) Pancreatic tissue

of an STZ-treated rat with acinar cell atrophy (H&E, scale bar =20 um). (C) architectural distortion, nuclear pyknosis, and cytoplasmic

change (H&E, scale bar =20 pm). (D) Pancreatic tissue of a frankincense-treated diabetic rat with restoration of the pancreatic endocrine

and exocrine tissues to almost normal architecture (H&E, scale bar = 20 um).

frankincense (Boswellia spp.) [6]. Al-Matubsi et al. [9]
reported that administration of Boswellia sacra ethanol ex-
tract (200 mg/kg/day) significantly increased SOD and re-
duced GPx levels in STZ-induced diabetic rats, accompa-
nied by preservation of pancreatic B-cell architecture and
improved hepatic histology. Similarly, Kherouf et al. [10]
demonstrated that Boswellia serrata gum resin markedly re-
duced oxidative damage markers and ameliorated hepatic
and pancreatic injury in diabetic models, with efficacy com-
parable to that of conventional antioxidant therapies.

Notably, the present finding that GPx activity ex-
ceeded that of healthy control levels following frankincense
supplementation suggests the induction of a robust adaptive
antioxidant response. This effect may be attributed to the
pentacyclic triterpenic acid (PTA) constituents of Boswellia
resin, particularly AKBA, which has been implicated in
regulating redox homeostasis [15]. Abo-Zalam et al. [16]
highlighted the potent antioxidant and cytoprotective prop-

erties of AKBA, emphasizing its role in mitigating oxida-
tive stress under pathological conditions.

Mechanistically, boswellic acids have been shown
to suppress ROS generation through multiple pathways,
including direct radical scavenging, chelation of transi-
tion metal ions, and modulation of NF-«xB signaling, there
by attenuating oxidative stress at the transcriptional level
[17]. In support of these mechanisms, a systematic review
and meta-analysis by Mahdian et al. [8] concluded that
Boswellia species exert antidiabetic effects by improving
glycemic control and lipid metabolism, preserving pancre-
atic B-cell integrity, enhancing insulin sensitivity, and re-
ducing oxidative stress across a range of experimental dia-
betic models.

4.2 Attenuation of Lipid Peroxidation

The significant reduction in serum MDA levels fol-
lowing frankincense supplementation underscores the ca-
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pacity of Boswellia extract to mitigate diabetes-induced
membrane lipid peroxidation. This observation is partic-
ularly relevant, as MDA is not merely a passive biomarker
of oxidative injury but actively contributes to cellular dys-
function through the formation of protein adducts and
DNA crosslinks, thereby exacerbating tissue damage and
metabolic dysregulation [18]. The near normalization of
MDA concentrations observed in the treated diabetic rats,
approaching those of healthy controls, suggests effective
preservation of membrane integrity and stabilization of cel-
lular redox homeostasis.

These findings are consistent with the well-
documented antioxidant properties of boswellic acids,
which act as non-redox inhibitors of the lipoxygenase
(LOX) and cyclooxygenase (COX) pathways, thereby
interrupting oxidative and inflammatory cascades at their
enzymatic sources [8,19]. Indeed, by attenuating lipid
peroxidation and downstream propagative damage, these
compounds confer protection against the amplification of
oxidative stress commonly observed in diabetic states. In
support of this mechanism, Al-Tamimi et al. [11] demon-
strated that boswellic acids exert cardioprotective effects
by modulating AMPK signaling and interacting with key
metabolic enzymes, highlighting broader systemic benefits
beyond direct radical scavenging. Furthermore, a recent
meta-analysis of clinical trials reported that Boswellia
supplementation significantly improves glycemic indices,
including glycated hemoglobin (HbAlc), while reducing
total cholesterol, triglycerides, and low-density lipoprotein
(LDL) levels in patients with type 2 diabetes mellitus
[20]. These clinically meaningful metabolic improvements
further support the translational relevance of the present
findings and suggest that attenuation of oxidative stress
represents a central mechanism underlying the multifaceted
antidiabetic effects of Boswellia species.

4.3 Anti-Inflammatory Effects and Cytokine Modulation

With respect to inflammatory biomarkers, the present
findings demonstrate a pronounced anti-inflammatory ef-
fect of frankincense supplementation. Serum CRP levels
were markedly reduced from 181.7 +21.07 to 50.40 + 2.08
U/L, while SAA concentrations decreased from 22.47 +
0.76 t0 9.65 £ 0.40 ng/mL following 28 days of treatment,
approaching values observed in healthy controls. These
marked reductions underscore the efficacy of frankincense
in attenuating systemic inflammation associated with dia-
betes.

These observations are supported by a comprehensive
systematic review of human studies conducted by Al-Yasiry
and Kiczorowska [7], which concluded that Boswellia
species possess potent anti-inflammatory, antioxidant, and
immunomodulatory properties. Notably, 91.8% of random-
ized controlled trials included in the review reported su-
perior therapeutic outcomes with Boswellia preparations
across a range of inflammatory disorders, including os-
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teoarthritis, asthma, and inflammatory bowel disease. This
strong clinical evidence reinforces the translational rel-
evance of the anti-inflammatory effects observed in the
present experimental model.

Boswellic acidsare the principal bioactive constituents
of frankincense and belong to the class of pentacyclic
triterpenic acids (PTAs) [21]. The major boswellic acids
identified in frankincense include B-boswellic acid (BA),
acetyl-p-boswellic acid (ABA), KBA, and AKBA, all of
which have been shown to inhibit proinflammatory en-
zymes and contribute to the resin’s pharmacological activ-
ity [22]. At the cellular level, AKBA, a major bioactive
constituent of Boswellia resin, has been shown to suppress
the gene expression of proinflammatory cytokines, includ-
ing IL-1B, interleukin-6 (IL-6), and TNF-a, in advanced
glycation end-product (AGE)-stimulated human monocytic
cells, while concurrently enhancing the expression of anti-
inflammatory cytokines such as IL-10 and IL-4 [15]. The
partial reduction in IL-1p levels observed in the current
study is consistent with these mechanistic insights. How-
ever, the magnitude of suppression was less pronounced
than that observed for CRP and SAA. This differential re-
sponsiveness may reflect distinct regulatory mechanisms,
as acute-phase reactants are more directly regulated by NF-
kB signaling, whereas IL-1f production is tightly controlled
by inflammasome-dependent pathways [23]. Although the
extract used in the present study was not subjected to de-
tailed chemical characterization, the boswellic acid compo-
sition and content of Boswellia sacra have been reported
in recent work by Javed et al. [24], providing support-
ing evidence for the presence of these active constituents.
Nonetheless, the lack of direct quantification of boswellic
acids in the current samples is acknowledged as a limita-
tion, and incorporating such analyses in future investiga-
tions would further strengthen the reliability of the findings.

4.4 Differential Effects on Anti-Inflammatory Mediators

The differential effects of frankincense supplementa-
tion on TGF-B and CTGF warrant careful consideration.
While frankincense significantly elevated TGF-f levels,
potentially indicative of enhanced tissue repair, regenera-
tion, and remodeling, it did not produce sustained modu-
lation of CTGF, a key profibrotic mediator downstream of
TGF-p signaling. This dissociation suggests that the admin-
istered dose and treatment duration (500 mg/kg for 28 days)
may preferentially activate anti-inflammatory and regen-
erative pathways without triggering the fibrotic responses
typically associated with chronic or excessive TGF-§ ac-
tivation. Such selective engagement of protective signal-
ing pathways may represent a favorable therapeutic profile,
particularly in the context of diabetic complications where
aberrant fibrosis is a major concern [25].

In line with this interpretation, Chen et al. [26] re-
ported that Boswellia extracts modulate the TGF-p/Smad
signaling cascade in a context-dependent manner, promot-
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ing tissue repair and the resolution of injury in acute set-
tings while suppressing pathological fibrosis in chronic
disease models. These findings support the notion that
frankincense-derived constituents can fine-tune TGF- sig-
naling outcomes rather than indiscriminately amplifying
downstream fibrogenic responses. Furthermore, the ob-
served reduction in IL-10 levels following frankincense
treatment may reflect a diminished requirement for com-
pensatory anti-inflammatory signaling as systemic inflam-
mation is attenuated, rather than a direct immunosuppres-
sive effect. In states of uncontrolled diabetes, elevated IL-
10 levels may paradoxically signify a counter-regulatory re-
sponse to excessive proinflammatory activity [27]. Con-
sequently, the the marked reduction in IL-10 concentra-
tions to levels below those of both diabetic and healthy
controls following frankincense treatment likely indicates
treatment-related modulation of this anti-inflammatory cy-
tokine rather than normalization of its levels and may re-
flect a reduced requirement for sustained endogenous anti-
inflammatory responses.

Consistent with these patterns, our data suggest that
frankincense may exert a transient, time-dependent im-
munomodulatory effect, influencing both pro- and anti-
inflammatory cytokines rather than producing uniform, sus-
tained suppression.

4.5 Histopathological Study

The histopathological findings in the liver, kidney,
and pancreas corroborate the biochemical data, demonstrat-
ing that frankincense supplementation markedly attenuates
STZ-induced structural injury. Moreover, frankincense re-
stored the hepatic architecture of diabetic rats by inhibiting
the production/action of cytokines involved in the induction
of islet inflammation [28]. The lesions in the liver follow-
ing STZ treatment included enlarged glycogen-rich hep-
atocytes, fatty degeneration, and vascular dilatation [29].
The renal lesions in STZ-treated rats included thickened
glomerular basement membranes, glomerular hemorrhage,
and severe glomerular and tubular injury [30]. Topical
frankincense treatment for relieving high-risk diabetic foot
in rats by reducing inflammation and improving microcir-
culation was approved [31]. Additionally, frankincense re-
duced renal stone formation in rats by attenuating tubular
necrosis and alleviating inflammatory changes [32]. In the
STZ diabetic group, islet shrinkage, acinar cell atrophy,
architectural distortion, nuclear pyknosis, and cytoplasmic
changes were observed [33]. In frankincense-treated dia-
betic rats, restoration of the pancreatic endocrine and ex-
ocrine tissues to near-normal architecture was observed.
Nawar et al. [34] reported an alleviative role for aque-
ous extract of frankincense against diabetes in rats. Fur-
thermore, Nawar et al. [34] reported that frankincense can
lower blood sugar levels and oxidative stress, improve lipid
profile, reduce hepatic enzymes, and reduce inflammatory
cytokines induced by diabetes.
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4.6 Study Limitations and Future Directions

Several limitations of the present study should be ac-
knowledged. First, the use of a single frankincense dose
(500 mg/kg body weight) precludes assessment of dose—
response relationships and limits identification of an op-
timal therapeutic window. Second, although the 28-day
intervention period was sufficient to elicit significant bio-
chemical and inflammatory changes, this period may not
adequately capture long-term effects on chronic diabetic
complications such as nephropathy, neuropathy, or cardio-
vascular dysfunction. Third, the absence of a positive con-
trol group treated with a standard antidiabetic agent (e.g.,
metformin) limits a direct comparative evaluation of the ef-
ficacy of frankincense relative to established pharmacother-
apies.

Therefore, future investigations should incorporate
multiple dosing regimens, longer treatment durations, and
comparisons with conventional antidiabetic medications to
improve the definition of therapeutic potential, safety, and
translational applicability. Such studies will be essential for
advancing Boswellia-derived compounds from experimen-
tal models toward clinical use.

5. Conclusion

Collectively, these findings position frankincense as
a promising multi-target adjunctive therapeutic candidate
for managing diabetes-induced oxidative stress and inflam-
mation. The coordinated restoration of endogenous antiox-
idant enzyme activities, attenuation of lipid peroxidation,
together with the differential effects on inflammatory and
regulatorycytokines, underscore the capacity of Boswellia
sacra to favorably influence both metabolic and inflamma-
tory pathways. This integrated protective profile highlights
the therapeutic potential of frankincense in mitigating the
complex oxidative and inflammatory burdens associated
with diabetes mellitus and supports its further evaluation
as a complementary strategy in diabetic disease manage-
ment. However, since these results derive from a preclini-
cal model that lacks a positive control and does not assess
long-term diabetic complications, these findings should be
interpreted with caution. Thus, studies with dose-response
analyses, appropriate controls, and long-term outcomes are
needed to establish the therapeutic potential of frankincense
for clinical application.
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