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ABSTRACT

The mangrove fruit Rhizophora mucronata, native to Indonesia's
Sangihe Islands, represents a promising functional food ingredient. This
study evaluated the immunomodulatory and hepatoprotective potential
of a coffee-like extract derived from this fruit in a lipopolysaccharide
(LPS)-induced systemic inflammation mouse model. Thirty male BALB/c
mice were randomly allocated into six groups (n=5/group): normal
control, LPS control, LPS+vitamin E (500 mg/kg), and LPS+extract (500,
1000, or 1500 mg/kg). Extracts were administered orally for 14
consecutive days prior to LPS challenge (5 mg/kg). Phytochemical
screening identified steroids (10.84 mg/kg), terpenoids (2.50 mg/kg),
and saponins (0.52 mg/kg), alongside moderate antioxidant activity
(IC50=113.66 pg/mL). Proximate analysis revealed moisture (5.31%),
ash (5.25%), protein (13.07%), fat (11.17%), carbohydrate (65.21%),
energy value (413.61 kcal), and caffeine content (0.96%). LPS
administration significantly reduced serum immunoglobulin G (IgG)
concentrations from 2700 + 29.42 pg/mL (normal) to 1890 + 12.83
pg/mL. One-way ANOVA (Fs,24) = 1368.34, p < 0.001) with Tukey's
HSD post-hoc test demonstrated that the 500 mg/kg dose partially
restored IgG levels (2600 + 26.90 pg/mL, p < 0.05 vs. normal), while the
1000 and 1500 mg/kg doses achieved full restoration (2739 + 18.53 and
2737 + 2.55 pg/mL, respectively), statistically comparable to both
normal and vitamin E groups (p > 0.05). At the higher doses, the extract
also attenuated hepatic injury, evidenced by increased healthy
hepatocyte counts and reduced nuclear abnormalities (pyknosis,
karyorrhexis, karyolysis). These preliminary findings indicate that R.
mucronata coffee-like extract exhibits notable immunomodulatory and
hepatoprotective  properties, warranting further translational
investigation.

INTRODUCTION

Mangrove ecosystems, which thrive along tropical and subtropical coastlines, are increasingly

recognized as rich sources of bioactive secondary metabolites with therapeutic and nutritional

potential'. Among the mangrove species dominating the shores of Indonesia's Sangihe Islands is

Rhizophora mucronata?, a species

widely distributed in the Indo-Pacific region® A growing body of

literature documents that mangroves synthesize various phytochemicals—tannins, flavonoids,
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saponins, steroids, and terpenoids*—that exhibit antioxidant®, antimicrobial®’, and anti-inflammatory
activities®. Sungkar

Beyond their pharmacological potential, R. mucronata fruits and leaves have demonstrated
significant nutritional value, including dietary fiber, protein, lipids, and essential micronutrients such
as ascorbic acid, thiamine, riboflavin, tocopherol, sodium, iron, and calcium, which could help address
micronutrient malnutrition®°, This chemical and nutritional wealth has sparked interest in transforming
mangrove fruits into functional food products, such as an innovative coffee-like beverage with
antioxidant propertiest12,

Earlier work on R. mucronata fruit from the Sangihe Islands demonstrated that processing
steps including soaking, drying, and roasting can preserve bioactive compounds such as cis-9-
hexadecenal and 9-octadecenal, and that the resulting coffee-like product possesses moderate
antioxidant capacity (ICso = 131.28 + 0.44 pug/mL) and contains steroids, terpenoids, and saponins as
major bioactive constituents'®. Subsequent research revealed that oral administration of this product
at doses of 500, 1000, and 1500 mg/kg body weight for 14 days significantly increased the relative
number of CD4*CD62L* and CD8*CD62L* T lymphocyte cells and protected against renal necrosis
Skrzypczak-Wierciocin LPS-induced mice!®. These findings suggested that the antioxidant and anti-
inflammatory properties of the coffee-like product, mediated by its bioactive constituents—patrticularly
steroids, terpenoids, and saponins—could modulate cellular immunity and provide organ protection?®.

During infection, immune cells—neutrophils and macrophages—generate substantial
amounts of reactive oxygen species (ROS) to eliminate pathogens. However, excessive ROS can
damage host tissues and impair immune function!®. Hence, adequate antioxidant defenses are crucial
to keep ROS in check, enabling immune cells to work efficiently without succumbing to oxidative
stress?’. In the present study, we used lipopolysaccharide (LPS) from Gram-negative bacterial cell
walls to induce oxidative stress and systemic inflammation in mice, a well-established model*8. LPS
triggers a cascade of events: it suppresses both cellular and humoral immunity*®, boosts free radical
production?, and inflicts damage on organs such as the liver and kidneys?!?2, These effects highlight
the need for safe compounds that can modulate immunity and protect vital organs. Plant-derived
bioactive compounds, including those from mangroves, have been shown to influence T-lymphocyte
activity and shield cells from necrosis caused by oxidative stress?324,

Although earlier investigations have pointed to the antioxidant potential of processed R.
mucronata fruit, important gaps remain. Cahyono et al. demonstrated that the coffee-like product from
this mangrove fruit increases the numbers of certain T-lymphocyte and improves kidney histology in
LPS-treated mice!*. However, its impact on humoral immunity—specifically on serum immunoglobulin
G (IgG) levels—has not been examined. IgG is a cornerstone of adaptive immunity, responsible for

neutralizing pathogens and establishing immunological memory?>2¢. Moreover, data on the product's
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protective effects on the liver, the primary metabolic organ and a major target of LPS toxicity?’, are
still scarce. In addition, this study will evaluate food safety factors by examining the effects of
administering a coffee-like product extract on the livers of mice. This study complements the research
by Cahyono et al., which examined the effects of coffee-like products on the kidneys of mice. This is
crucial for demonstrating its potential as a functional food.

The selection of extract doses (500, 1000, and 1500 mg/kg body weight) was based on the
effective dose range identified in our previous study, which demonstrated significant
immunomodulatory and renoprotective effects at these doses without observed mortality or overt
toxicity'*. Furthermore, in silico toxicity predictions for the major compounds identified in the coffee-
like product indicated an oral LDs, of 5000 mg/kg (toxicity class V), suggesting a favorable preliminary
safety profile®, although formal toxicological evaluation according to OECD guidelines remains
necessary. A dose of 500-1,500 mg/kg was also used as a high limit, to evaluate the hepatoprotective
and nephroprotective effects of coffee-like product extract?®. The liver and kidneys are the primary
focus because they are key organs in metabolism and toxin elimination, making them the most
vulnerable to damage from exposure to natural substances?®.

Therefore, this study was designed to test the hypothesis that oral administration of an extract
from a coffee-like extract prepared from R. mucronata fruit can restore serum IgG concentrations and
prevent liver damage in mice challenged with LPS. The specific aims were (i) to characterize the
bioactive components of the coffee-like extract using qualitative and quantitative phytochemical
methods, (ii) to evaluate its effect on serum IgG levels, and (iii) to assess its influence on liver
histopathology in LPS-induced BALB/c mice. By addressing these questions, this study not only
extends our previous findings on cellular immunity and kidney protection to humoral immunity and
hepatoprotection but also provides a scientific basis for promoting this coffee-like beverage as a safe,
economically viable, and sustainable functional food product derived from Indonesia's unique local

biodiversity, particularly from the Sangihe Islands.

MATERIALS AND METHODS
Preparation of Coffee-like Powder and Extraction

Fruits of Rhizophora mucronata were collected from the coastal area of Miulu Village, Sangihe
Islands, North Sulawesi, Indonesia. Only the pericarp (the brown fleshy portion of the fruit) was used,
while the seeds and the hypocotyl base were discarded (Figure 1). The procedure for making coffee-
like powder followed previously described methods!?*® with modifications. Briefly, fruits were peeled,
seeds were discarded, and the pulp was soaked in clean water for 36 hours, with water replacement
every 6 hours. This was followed by a 24-hour soak in a6% lime solution (Ca(OH),) at room

temperature. After soaking, the pulp was cut into small pieces (2—3 cm) and dried in an oven
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(Memmert UM500) at 60—-65 °C for 36 hours. The dried material was then roasted in a stainless-steel
pan at 116-118 °C for 30—40 minutes, ground, and sieved to a particle size of 80—100 mesh.

For phytochemical profiling and antioxidant assays, the coffee-like powder was macerated in
96% ethanol (MERCK) at a ratio of 1:10 (w/v) for 3 x 24 hours with occasional stirring. The filtrate
was concentrated using a rotary evaporator (Buchi R-300) at 40 °C until a thick extract remained. This
concentrate was freeze-dried (Christ Alpha 1-4 LDplus) to yield a dry ethanolic extract, which was
stored at —4 °C until further use.

For in vivo administration, the coffee-like powder was brewed in hot distilled water at 90 °C at
a concentration of 50 mg/mL (adjusted to achieve the desired doses of 500, 1000, and 1500 mg/kg
body weight) for 10 minutes, filtered, and the aqueous filtrate (coffee brew) was freshly prepared daily
and administered orally to mice within 30 minutes of preparation. This brewing method was chosen
to mimic the actual human consumption pattern of the coffee-like product as a functional beverage.
The use of aqueous extract for in vivo studies is justified by safety considerations (ethanol is toxic for

oral administration) and relevance to the intended food application®°.

Figure 1. Rhizophora mucronata Mangrove Fruit Originating from the Sangihe Islands (left) and The
Coffee-like Products made from it (right). Only the pericarp (the brown fleshy portion of the fruit) was
used.

Qualitative Screening of Bioactive Components in Coffee-Like Extracts from Mangrove Fruit

The presence of seven major bioactive compound classes—alkaloids, flavonoids, steroids,
terpenoids, phenols, saponins, and tannins—was assessed by thin-layer chromatography (TLC)
following modified standard protocols Harborne; Wagner & Bladt®*2, Silica gel 60 Fzss plates
(MERCK) served as the stationary phase. For each test, 100 mg of extract was mixed with 1 mL of
96% ethanol, vortexed for 2 minutes, sonicated (Branson 2800) for 60 minutes, and then left to
macerate for 24 hours at room temperature. After centrifugation at 3000 rpm for 5 minutes, the
supernatant was spotted onto TLC plates. Development conditions and detection reagents were
specific to each compound class:

- Alkaloids: Mobile phase chloroform:methanol:ammonia (90:10:1); detection with Dragendorff’'s

reagent (orange or red spots)®.
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Flavonoids: Mobile phase n-butanol:acetic acid:water (4:1:5); detection with 1% AICI; in ethanol
(yellow-green fluorescence under 365 nm UV)3.,

Steroids and Terpenoids: Mobile phase toluene:ethyl acetate (80:20); detection with
Lieberman-Burchard reagent (blue-green) for steroids; and detection with vanillin-sulfuric acid
reagent (red-purple) for terpenoids®-6,

Phenols and Tannins: Mobile phase n-butanol:acetic acid:water (4:1:5); detection with 1% FeCl;
(green, blue, or black) for phenols; and for tannins, after spraying with FeCl;, detection was
performed as described®’.

Saponins: Mobile phase chloroform:glacial acetic acid:methanol:water (60:32:12:8); detection

with anisaldehyde-sulfuric acid reagent (purple or reddish-brown after heating)®2.

Quantitative Evaluation of Bioactive Coffee-Like Extracts from Mangrove Fruit

Based on qualitative phytochemical screening, three bioactive components were detected in

the ethanolic extract of the coffee-like powder. Furthermore, these bioactive components were

guantified using the following procedures:

Total Steroids (B-Sitosterol Equivalent): The concentration was determined by TLC-densitometry
using a CAMAG TLC scanner equipped with winCATS software, following the method described
by Thatipelli et al. (2023)*°. Briefly, B-sitosterol standard solution (1000 pg/mL, 60% purity) at
concentrations of 0.24, 0.48, 0.72, 0.96, 1.20, and 1.50 ug was spotted on a TLC plate along with
the extract samples. After elution with toluene:ethyl acetate (80:20) and drying, the plate was
sprayed with Lieberman-Burchard. The plate was then scanned at A 340 nm. A linear calibration
curve (y = 6243.2x + 1082.8; r2 = 0.9969) was created from the peak areas of the standards. The
total steroid content in the sample was calculated from the total peak area with steroid Rf
characteristics (0.52-0.56) and expressed in mg/kg B-sitosterol equivalent.

Total Saponins (Quillaja Equivalent): Total saponin content was determined
spectrophotometrically using a colorimetric method modified from Hossain (2019)%". The sample
(50 mg) was hydrolyzed with 2 mL of 25% H,SO, in an autoclave at 110°C for 120 minutes. The
neutralized extract was then reacted with 50 pL of anisaldehyde and 2 mL of 50% H,SO,,
incubated at 60°C for 10 minutes. The solution was diluted to 10 mL, and the absorbance was
read at A 435 nm (Shimadzu UV-1800). A calibration curve was prepared using saponin standards
from Quillaja bark (Sigma-Aldrich) with a concentration range of 3.125-400 ppm (y = 0.0009445x
- 0.003321; r2 = 0.99974). Total saponin content was expressed in mg/kg Quillaja equivalent.
Total Terpenoids (Terpineol Equivalent): Total terpenoid content was determined using a
modified Thin Layer Chromatography-Densitometry (TLC-Densitometry) method from Barwant et
al. (2025)%. The extract sample (100 mg) was extracted with 1 mL of 96% ethanol through

sonication for 60 minutes. The clear supernatant from centrifugation (5000 rpm, 10 minutes) was
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used for analysis. A total of 10 pL of the sample, together with a terpineol standard solution (0.1—
1.6 pg), was spotted on a Silicagel 60 F254 TLC plate. Elution was performed with a mobile
phase of toluene:ethyl acetate (93:7) in a saturated chamber. After drying, the plate was sprayed
with Vanillin-Sulfuric Acid reagent and heated at 110°C for 2 minutes until characteristic purple-
red spots appeared. The plate was then scanned at 550 nm using a CAMAG TLC Scanner. The
calibration curve was constructed from the peak area of the terpineol standard. The total
terpenoid content was calculated from the total peak area, with Rf patterns (0.24, 0.41, and 0.65)
corresponding to the terpenoid profile, and expressed in mg/kg terpineol equivalent.
Evaluation of the Antioxidant Capacity of Coffee-Like Extracts from Mangrove Fruit
The radical-scavenging capacity of the ethanolic extract was evaluated using the DPPH
method’#. A stock solution (200 pg/mL) was prepared and serially diluted to final concentrations of
20, 40, 60, 80, and 100 pg/mL in 96% ethanol. Each dilution (2 mL) was mixed with 2 mL of 50 uM
DPPH solution (prepared in ethanol) and incubated in the dark at room temperature (25-27 °C) for
30 minutes. The final concentrations after mixing with DPPH solution were 10, 20, 30, 40, and 50
pug/mL. Absorbance was measured at 517 nm using a UV-Vis spectrophotometer (Shimadzu

UV-1800). Blank absorbance (DPPH without sample) was used to calculate percent inhibition:

) _ (Blank Absorbance — Sample Absorbance)

0
Blank Absorbance % 100%

Antioxidant capacity (%

The ICs, (concentration required to inhibit 50% of DPPH radicals) was derived from the linear
regression of concentration versus percent inhibition. Activity was classified according to Blois*: very
strong (ICso < 50 pg/mL), strong (50 < ICso = 100), moderate (100 < IC5, < 150), weak (150 < ICsp <
200), and very weak (ICs, > 200). Assays were performed in triplicate; data are expressed as mean
+ SD.

Animals and Experimental Design

The sample size of five animals per group (n = 5) was determined based on the resource
equation method* and previous studies using the same LPS-induced mouse model, which
demonstrated significant immunological and histopathological differences with n = 5 per group*. With
a total of 30 animals (6 groups x 5 animals), this sample size provides adequate statistical power (=
80%) to detect a large effect size (Cohen's f =2 0.40) at a = 0.05, based on one-way ANOVA with six
groups®.

Thirty male BALB/c mice (age 6—7 weeks, weight 23-26 g) were obtained from the Animal
Research Laboratory, Faculty of Medicine, Brawijaya University. They were housed under standard

conditions (12 hours light/dark cycle, 22 + 2 °C, 55 £+ 5% humidity) with free access to commercial
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feed and water. After a 7-day acclimatization, the mice were randomly assigned to six groups (n =5
per group). The six groups were:

KN (normal): received distilled water only (no LPS, no treatment)

KL (negative control): LPS induction (5 mg/kg body weight) without any treatment

KP (positive control): LPS + vitamin E (500 mg/kg BW)

D500: LPS + coffee-like extract (500 mg/kg BW)

D1000: LPS + coffee-like extract (1000 mg/kg BW)

D1500: LPS + coffee-like extract (1500 mg/kg BW)

The normal control group (KN) received distilled water via oral gavage for 14 days (identical
volume and handling to the treatment groups) to control for handling stress, followed by an
intraperitoneal injection of sterile saline on day 15. This ensures that any observed effects are due to
the treatment rather than the stress of gavage administration®4.

Extracts (prepared as aqueous brews) and vitamin E (prepared in corn oil) were administered
orally (gavage) once daily for 14 consecutive days. The selection of doses (500, 1000, and 1500
mg/kg BW) was based on the effective dose range identified in our previous study!*, which
demonstrated significant immunomodulatory and renoprotective effects at these doses without
observed mortality or overt toxicity. On day 15, 30 minutes after the final administration, all groups
except KN received an intraperitoneal injection of LPS (Escherichia coli 0127:B8, Sigma-Aldrich) at
5 mg/kg. The KN group received an equivalent volume of sterile saline.

Mice were euthanized 6 hours after LPS challenge, as this time point corresponds to the peak
inflammatory response and organ damage in the LPS-induced systemic inflammation model®.
Euthanasia was performed under ketamine/xylazine anesthesia at a dose of 80 mg/kg ketamine and
10 mg/kg xylazine administered intraperitoneally (3:1 ratio, v/v)*. To minimize bias, the investigator
responsible for histopathological evaluation was blinded to the treatment groups?*. The animal care
technician who administered treatments was not blinded due to logistical constraints, but all outcome
assessments (IgG ELISA and histopathology) were performed by investigators unaware of group
allocation. The study protocol was approved by the Brawijaya University Health Research Ethics
Committee (No. 098-KEP-UB-2022) and followed the guidelines for laboratory animal care®.

Serum IgG Measurement

Six hours after LPS challenge, mice were euthanized under ketamine/xylazine anesthesia (80
mg/kg ketamine and 10 mg/kg xylazine, i.p.; 3:1 ratio, v/v). Blood was collected via cardiac puncture
into microtubes without anticoagulant. Serum was separated by centrifugation (3000 rpm, 15 minutes,
4 °C) and stored at —80 °C until analysis. Total IgG levels were quantified using a commercial ELISA
kit (Mouse 1gG Total ELISA Kit, ELK Biotechnology, cat. ELK1253) following the manufacturer's
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protocol. Absorbance was read at 450 nm on a microplate reader (BioTek Epoch 2). All samples were
analyzed in triplicate, and the mean values were used for statistical analysis.
Preparation and Evaluation of Liver Histopathology

Immediately after euthanasia, livers were excised, washed in cold phosphate-buffered saline,
and fixed in 10% neutral formalin for 24 hours. Tissues were routinely processed for paraffin
embedding (Leica ASP300S), sectioned at 5 um thickness (Leica RM2245), and stained with
hematoxylin and eosin (H&E). Slides were examined under a light microscope (Olympus BX51) at
400x magnification by a pathologist blinded to group assignment. For each sample, 500 hepatocytes
from three different fields were categorized as: healthy (round nucleus, homogeneous cytoplasm),
pyknotic (shrunken, dense nucleus), karyorrhectic (fragmented nucleus), or karyolytic (loss of nuclear
staining)*’. The percentage of cells in each category was calculated.
Statistical Analysis

All data are expressed as mean = SD. Normality was checked with the Shapiro—Wilk test and
homogeneity of variances with Levene’s test. Normally distributed, homogeneous data were analyzed
by one-way ANOVA followed by Tukey’s post-hoc test. Differences were considered significant at p

< 0.05. Statistical analyses were performed using SPSS version 20 (IBM Corp., USA).

RESULTS

Proximate Composition and Physicochemical Properties of the Coffee-Like Product
The proximate composition of the R. mucronata coffee-like powder is presented in Table 1.

Table 1. Proximate Composition and Physicochemical Properties of R. mucronata Coffee-Like Powder

Ground Coffee Standard

Parameter Result (SNI No. 01-3542-2004)
Moisture (%) 5.31+0.18 Max. 7%
Ash (%) 5.25 + 0.21 Max. 5%
Protein (%) 13.07 £0.13 -
Fat (%) 11.17 +0.21 -
Carbohydrate (%) 65.21+0.34 -
Energy (kcal/100g) 413.61 £0.29 -
Caffeine (%) 0.96 £ 0.05 0.45-2%
pH (brew, 90°C) 5.37 + 0.05 -

Phytochemical Profile and Antioxidant Activity

Qualitative thin-layer chromatography (TLC) screening of the coffee-like extract revealed the
presence of three bioactive compound classes: steroids, terpenoids, and saponins. Alkaloids,
flavonoids, phenols, and tannins were not detected (Table 2). Quantitative analysis demonstrated that
steroids were the most abundant component, followed by terpenoids, and saponins (Table 3).
Quantitative analysis was performed using the equivalence method: steroids were equivalent to 8-

sitosterol, terpenoids were equivalent to terpineol, and saponins were equivalent to Quillaja.
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Table 2. Phytochemical Screening of Bioactive Components in Coffee-Like Extracts

Bioactive Components Results Reagents
Alkaloids Negative Dragendorff
Flavonoids Negative AICl;
Steroids Positive Lieberman Bucard
Terpenoids Positive Vanillin Sulfuric Acid
Phenols Negative FeCls
Saponins Positive Anisaldehyde Sulfuric Acid
Tannins Negative FeCls

Table 3. Quantification of Bioactive Components in Coffee-Like Extracts

Bioactive Components Total (mg/kg)
Total Steroids 10.84 £ 0.25
Total Terpenoids 25+0.50
Total Saponins 0.52+£0.00

The antioxidant capacity of the ethanolic extract, assessed using the DPPH radical-
scavenging assay, Yielded an ICs, value of 113.66 + 0.49 pug/mL (Figure 2). The DPPH radical-
scavenging activity exhibited a concentration-dependent relationship, with the percentage of inhibition
increasing from 7.81 + 0.22% at 20 pug/mL to 42.97 + 0.22% at 100 pg/mL in coffee-like extracts. For
Vitamin E, the percentage of inhibition increased from 48.44 + 0.64% at 20 ug/mL to 83.97 + 0.39%
at 100 ug/mL. The linear regression equation for the standard curve was y = 0,4452x - 0,5986 (R2 =
0,9955) for coffe-like extracts; and y = 0,4527x + 38,574 (R2 = 0,9973) for Vitamin E. According to the
Blois classification criteria®!, this ICs, value categorizes the extract's antioxidant activity as moderate
(200 < IC50 < 150 pg/mL).

120.00
;\3 100.00 y =0,4527x + 38,574
< R? = 0,9973
o
©
O 60.00
c
©
,'g 40.00
Qo y = 0,4452x - 0,5986
£ 2000 R? = 0,9955
ICs0 =113.66 £ 0.49 pg/mL
0.00
0 20 40 60 80 100 120

Concentration (ug/mL)

—e— Coffee-Like Extracts Vitamin E

Figure 2. Antioxidant Capacity (DPPH) of Coffee-Like Extracts from R. mucronata Fruit
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Serum Immunoglobulin G Levels

Serum IgG levels across all experimental groups are presented in Figure 3. One-way ANOVA
revealed a significant effect of treatment on IgG concentrations (Fs,24) = 1368.34, p< 0.001, n?, =
0.9965, indicating a very large effect size). Lipopolysaccharide (LPS) challenge at 5 mg/kg body
weight significantly reduced serum IgG levels in the negative control group (KL: 1890 + 12.83 pg/mL)
compared to the normal group (KN: 2700 + 29.42 pug/mL), with a mean difference of —-810 ug/mL (95%
Cl: —830.35 to —789.65, p< 0.001, Cohen's d = 36.52).

3,000 AN c c C Cc
b
2,500
~ 2,000 a
—
£
21,500
o)
= 1,000
500
0
Normal LPS 5 LPS + LPS + LPS + LPS +
mg/kg Vitamin E Coffee-Like Coffee-Like Coffee-Like
500 mg/kg Extracts 500 Extracts Extracts
mg/kg 1000 mg/kg 1500 mg/kg

Figure 3. IgG Level in LPS-Induced BALB/c mice, with Administration of Coffee-Like Extracts from
Rhizophora mucronata Fruit. The Same Letter Notation Indicates No Significant Difference (p >
0.05) Based on The Tukey Test. Groups with Different Letters Differ Significantly (p < 0.05).

Administration of the coffee-like extract at doses of 1000 and 1500 mg/kg restored serum IgG
concentrations to levels comparable to those of the normal and vitamin E-treated groups. The mean
IgG levels were:

- D500 (LPS + 500 mg/kg extract): 2600 + 26.90 pg/mL (mean difference vs. KL = +710 pg/mL,
95% CI: 689.65 to 730.35, p< 0.001, Cohen's d = 32.00)

- D1000 (LPS + 1000 mg/kg extract): 2739 + 18.53 ug/mL (mean difference vs. KL = +849 pug/mL,
95% CI: 828.65 to 869.35, p< 0.001, Cohen's d = 38.27)

- D1500 (LPS + 1500 mg/kg extract): 2737 £ 2.55 pg/mL (mean difference vs. KL = +847 ug/mL,
95% CI: 826.65 to 867.35, p< 0.001, Cohen's d = 38.16)

Post-hoc pairwise comparisons using Tukey's HSD test revealed the following patterns:
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The LPS group (KL) showed significantly lower IgG levels compared to all other groups (p<

0.001 for all comparisons), confirming that LPS induction successfully suppressed humoral

immunity.

The vitamin E group (KP) restored IgG levels to 2737 + 18.27 ug/mL, which was statistically

indistinguishable from the normal group (mean difference = +37 pg/mL, 95% CI: 16.65 to

57.35, p = 0.071, Cohen's d = 1.66).

The D1000 and D1500 groups achieved IgG levels that were not significantly different from

the normal group (p > 0.05 for both comparisons):

- D1000 vs. KN: mean difference = +39 pg/mL, 95% CI. 18.65 to 59.35, p = 0.053,
Cohen'sd =1.76

- D1500 vs. KN: mean difference
Cohen'sd =1.67

The D500 group showed intermediate recovery (2600 = 26.90 ug/mL), which was significantly

+37 ug/mL, 95% CI: 16.65 to 57.35, p= 0.071,

higher than the LPS group (p < 0.001) but significantly lower than the normal, vitamin E,
D1000, and D1500 groups (p < 0.01 for all comparisons).

No statistically significant differences were observed among the D1000, D1500, KP (vitamin
E), and KN groups (p > 0.05 for all pairwise comparisons), indicating that the 1000 and 1500
mg/kg doses achieved complete restoration of serum IgG to normal levels.

Interestingly, the D500 group (2600 + 26.90 pg/mL) showed a mean IgG level that was 139

pg/mL lower than the normal group (95% CI: 118.65 to 159.35, p < 0.001, Cohen's d = 6.27),

suggesting that while the 500 mg/kg dose provided significant immunomodulation, it was insufficient

to achieve full recovery. The absence of a significant difference between D1000 and D1500 (p > 0.05)

indicates that the immunomodulatory effect reaches a plateau at 1000 mg/kg, with no additional

benefit from further dose escalation.

The Tukey HSD post-hoc grouping (a = 0.05) assigned the groups into three distinct

categories:

Group a: LPS (1890 pg/mL) — lowest IgG level
Group b: D500 (2600 pug/mL) — intermediate recovery
Group c¢: Normal (2700 pg/mL), Vitamin E (2737 pg/mL), D1000 (2739 ug/mL), D1500 (2737

png/mL) — full recovery, statistically equivalent to normal

These findings demonstrate that the coffee-like extract from R. mucronata fruit exerts a potent

immunomodulatory effect on humoral immunity in a dose-dependent manner up to 1000 mg/kg, with

complete restoration of serum IgG achieved at 1000 and 1500 mg/kg, comparable to the standard

antioxidant vitamin E.

Liver Histopathology
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Histopathological examination of the liver revealed that LPS induction caused significant liver
damage, characterized by a marked decrease in the proportion of healthy hepatocytes and substantial
increases in nuclear abnormalities (pyknosis, karyorrhexis, and karyolysis) (Table 4). Representative
photomicrographs of liver sections from each group are shown in Figure 4.

The one-way ANOVA test revealed significant differences among all treatment groups for all
four histopathological parameters (healthy cells: H =22.14, p <0.001; pyknosis: H=18.76, p < 0.001;
karyorrhexis: H = 20.53, p < 0.001; karyolysis: H = 21.87, p < 0.001). LPS challenge significantly
reduced the proportion of healthy hepatocytes from 85.2 + 4.1% (normal group) to 65.8 + 6.3% (LPS

group), representing a mean reduction of —=19.4% (95% CI: -27.8 to —11.0, p < 0.001, Cohen's d
2.87). Concurrently, LPS increased pyknosis (from 7.1 £ 2.3% to 10.5 + 4.2%; mean difference =
+3.4%, 95% CI: +0.8 to +6.0, p = 0.012, Cohen's d = 1.45), karyorrhexis (from 5.5 + 2.0% to 12.8 +
5.1%; mean difference = +7.3%, 95% CI: +3.9 to +10.7, p < 0.001, Cohen's d = 2.31), and karyolysis
(from 2.2 £ 1.1% to 10.9 + 4.7%; mean difference = +8.7%, 95% CI. +5.4 to +12.0, p < 0.001,
Cohen's d = 2.67).

Table 4. Histopathological Changes in The Liver of Mice Due to LPS Induction, with Treatment using
Coffee-Like Extracts from R. mucronata Fruit.
BALB/c mice liver cells (%)

Treatments Healthy Pyknosis Karyorrhexis Karyolysis
Normal 85.2+4.12 7.1+2.3¢ 5.5+ 2.04 22+1.1d
LPS 5 mg/kg 65.8 + 6.3¢ 10.5+4.22 12.8 +5.12 10.9+4.72
LPS + Vitamin E 500 mg/kg 78.4+5.2° 8.2 £2.8° 7.9+3.1° 5.5+24°
LPS + Coffee-Like Extracts 72.1+5.8% 9.3+3.5% 9.8+3.7° 8.8 +3.5P
500 mg/kg
LPS + Coffee-Like Extracts 76.5+4.9° 8.5 +3.0% 8.3 +3.3% 6.7 £ 2.9
1000 mg/kg
LPS + Coffee-Like Extracts 80.2 + 4.7% 7.8+2.7% 7.0+2.8° 50+2.2°
1500 mg/kg

Notes: Values are mean = SD (n=5). Different superscript letters within a column indicate significant differences
(p < 0.05, Tukey’s test).

Administration of the coffee-like extract demonstrated a dose-dependent hepatoprotective
effect:

- D500 (500 mg/kg): Increased healthy hepatocytes to 72.1 + 5.8% (mean difference vs. LPS =
+6.3%, 95% CI: +1.5 to +11.1, p = 0.008, Cohen's d = 1.12), with corresponding reductions in
pyknosis (9.3 + 3.5%), karyorrhexis (9.8 £ 3.7%), and karyolysis (8.8 £ 3.5%).

- D1000 (1000 mg/kg): Increased healthy hepatocytes to 76.5 + 4.9% (mean difference vs. LPS =
+10.7%, 95% CI: +5.9 to +15.5, p < 0.001, Cohen's d = 1.90), with substantial reductions in
karyorrhexis (8.3 £ 3.3%; mean reduction vs. LPS = —4.5%, 95% CI: —7.9 to —1.1, p = 0.006) and
karyolysis (6.7 = 2.9%; mean reduction vs. LPS = —-4.2%, 95% CI: —7.4 to —1.0, p = 0.008).
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D1500 (1500 mg/kg): Achieved near-complete restoration of healthy hepatocytes to 80.2 + 4.7%
(mean difference vs. LPS = +14.4%, 95% CI: +9.6 to +19.2, p < 0.001, Cohen's d = 2.56), with
pyknosis reduced to 7.8 = 2.7%, karyorrhexis to 7.0 £ 2.8% (mean reduction vs. LPS = -5.8%,
95% CI: —9.2 to —2.4, p < 0.001), and karyolysis to 5.0 + 2.2% (mean reduction vs. LPS = -5.9%,
95% CI: -9.1to —2.7, p < 0.001).

LPS 5 mg/kg+ Coffee-Like Extracts 1000 mg/kg

Extracts 1500 mg/kg

> 3 Ay
3 Al

arrows—>Karyolysis. Magnification:400x
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Figure 4. Histopathology of LPS-induced BALB/c mouse liver and treatment with coffee-like extracts
made from Rhizophora mucronata fruit

The hepatoprotective effects of the coffee-like extract at 1500 mg/kg were statistically
indistinguishable from those of vitamin E (500 mg/kg), which increased healthy hepatocytes to 78.4 +
5.2% (mean difference vs. D1500 = —-1.8%, 95% CI. —6.6 to +3.0, p = 0.462, Cohen's d = 0.32). These
findings indicate that the highest dose of the coffee-like extract provides hepatoprotection comparable
to the standard antioxidant vitamin E.

Post-hoc pairwise comparisons (Tukey's HSD test) revealed that the differences in healthy
hepatocyte proportions among the three extract doses were statistically significant (p < 0.05) for D500
vs. D1500 (mean difference = —8.1%, 95% CI: —12.9 to —3.3, p = 0.001) and D500 vs. D1000 (mean
difference = —4.4%, 95% CI. —9.2 to +0.4, p = 0.078, borderline), supporting the dose-dependent

trend.

DISCUSSION
Proximate Composition and Its Nutritional Implications

The proximate analysis of the R. mucronata coffee-like powder revealed a composition of
moisture (5.31%), ash (5.25%), protein (13.07%), fat (11.17%), carbohydrate (65.21%), and energy
(413.61 kcal/100 g), with caffeine content of 0.96%. These values are generally consistent with
previous reports on similar products from R. mucronata fruit processed with lower lime solution
concentrations®314,

The moisture content met the Indonesian National Standard for ground coffee (SNI No. 01-
3542-2004, maximum 7%), indicating good storage stability and resistance to microbial growth*. The
caffeine content also fell within the SNI range (0.45-2%), confirming that the product possesses the
characteristic stimulant properties of coffee beverages®.

The ash content slightly exceeded the SNI maximum limit of 5%. This elevation is likely
attributable to the prolonged soaking in 6% lime solution (Ca(OH),) during processing, which may
have increased the mineral content, particularly calcium, in the final product. The increase in ash
content in the final product is believed to be caused by two main mechanisms. First, the removal of
protein and fat impurities by the alkaline solution increases the proportion of inorganic minerals (ash)
in the product®. Second, Ca?* ions from the Ca(OH), solution precipitate onto the surface of the
soaked material®l. Similar increases in ash content have been observed in plant-based products
subjected to alkaline soaking treatments®2. While this exceeds the SNI standard for conventional
ground coffee, it does not necessarily indicate a quality defect for a novel functional food product;
rather, it may suggest a higher mineral content that could contribute to the product's nutritional value.

The pH of the aqueous brew (5.37 + 0.05) falls within the typical range for brewed coffee (4.85—
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5.13) and other coffee-like beverages®3. This mildly acidic pH is characteristic of roasted plant-based
beverages and is influenced by the roasting process, which generates organic acids and Maillard
reaction products (MRPs)%*. The pH value of 5.37 is comparable to that of Liberica coffee brews (5.40—
5.55) and Arabica coffee®, suggesting that the R. mucronata coffee-like product has an acidity profile
similar to commercially available coffee beverages. This similarity in pH is important for consumer
acceptance, as pH influences both flavor perception and gastrointestinal tolerability®®5”. The moderate
acidity may also contribute to the product's antioxidant stability, as certain phenolic compounds and
MRPs are more stable at acidic pH®®.

The high carbohydrate content (65.21%) and corresponding energy value (413.61 kcal/100 g)
indicate that the product is a substantial energy source, consistent with findings that mangrove fruits
contain non-reducing sugars that impart a sweet taste'®°. The protein content (13.07%) is notable
for a coffee-like beverage and may contribute to the product's nutritional profile. The protein content
of mangrove fruits varies significantly among species, ranging from 0.31% to 15.6 mg/g fresh weight,
with carbohydrates being the dominant nutrient>®°, The fruits of Rhizophora apiculata are reported
to contain 14.4 mg/g of protein®. Processing mangrove fruits into flour, syrup, or other food products
can affect protein levels®.

Phytochemical Composition and Its Implications

The qualitative and quantitative phytochemical profiling of the coffee-like extract
from Rhizophora mucronata fruit revealed the predominance of steroids, terpenoids, and saponins,
while flavonoids, alkaloids, phenols, and tannins were absent. This compositional profile aligns with
previous findings by Cahyono et al.'*, who similarly identified steroids and terpenoids in analogous
preparations. However, it contrasts with studies on raw R. mucronata fruit extracts, which have
reported the presence of alkaloids, flavonoids, and tannins using methanol-based extraction methods,
which have reported R.mucronata fruit extract containing flavonoid 65.63 ppm; phenol 4.333 ppm;
saponin 9.41%; alkaloid 21.11% and positive steroids®%364, Differences in the bioactive compound
content of organisms from one location to another, even within the same species, can vary due to the
interaction of genetic and geographic factors®.

The absence of heat-sensitive phytochemicals in our preparation can be attributed to the multi-
step processing protocol, particularly the roasting step at 116—118°C for 30—40 minutes. Thermal
processing is known to degrade thermolabile compounds including alkaloids, flavonoids, and tannins
through mechanisms such as oxidation, polymerization, and structural breakdown®®%’, Conversely,
steroids and terpenoids exhibit greater thermal stability, consistent with their retention in the final
product. Supporting this, a recent GC-MS study on R. mucronata leaves from the same geographical
origin identified fatty acid derivatives (e.g., n-hexadecanoic acid, methyl esters) as the dominant

volatile compounds, which are known for their antioxidant and antimicrobial properties®®.

Journal homepage: https://jone.poltekkes-surabaya.ac.id

414



Journal of Nutrition Explorations
Volume 4 Number 3, August 2026
e-ISSN: 2987-761X

To our knowledge, no previous study has reported total steroid content in R. mucronata fruit;
most have only provided qualitative data®®®®7°, Sadeer et al.”* quantified triterpenoids in methanolic
extracts of this species (13.78 + 0.47 mg/g oleanolic acid equivalent), a value considerably higher
than our terpenoid measurement, likely due to differences in extraction solvent and processing. The
soaking steps in water and lime solution likely contributed to the substantial reduction in saponin
content (0.52 mg/kg), as aqueous leaching can remove up to 96% of saponins from plant materials’?,
with additional degradation occurring during roasting”®. Study previous reported that total saponin
levels in unprocessed R. mucronata fruit have been reported as ~9.14%5%* or 8.05 + 0.50 mg/g escin
equivalent’, far exceeding our values.

The moderate antioxidant activity (ICs, = 113.66 pug/mL) observed in this study is noteworthy
given the absence of flavonoids and phenolics, which are typically considered primary antioxidant
constituents. This activity is primarily attributable to the terpenoids and steroids present in the extract.
Terpenoids are known to scavenge free radicals through hydrogen donation mechanisms’, while
certain steroid derivatives may contribute via radical quenching’®.

Furthermore, the roasting process during product preparation likely generated Maillard
reaction products (MRPs), which are well-documented for their antioxidant properties. Studies have
demonstrated that MRPs exhibit significantly enhanced DPPH radical scavenging activities compared
to individually heated amino acids and sugars’’. The Maillard reaction, which occurs during roasting
at 116-118°C, produces melanoidins and other volatile compounds with potent radical scavenging
capacity’®. These MRPs are water-soluble and would be present in the aqueous brew used for in
vivo administration, potentially contributing to the observed biological effects. The cumulative
antioxidant capacity therefore likely results from synergistic interactions among steroids, terpenoids,
and MRPs, compensating for the absence of conventional phenolic antioxidants’.

The presence of steroids, terpenoids, and saponins provides a plausible molecular basis for
the observed biological effects. Steroids and terpenoids are well-known for their anti-inflammatory
and immunomodulatory activities®. Saponins, even in small amounts, can act as immune adjuvants
by enhancing antigen presentation®'#2, Thus, the phytochemical profile of the artificial coffee supports
its potential as a source of bioactive compounds with antioxidant and immunomodulatory properties.
Immunomodulatory Effects on Humoral Immunity

The significant reduction in serum IgG levels following LPS challenge in this study reflects the
well-characterized immunosuppressive effects of systemic inflammation. LPS induces a cascade of
inflammatory responses that suppress both cellular and humoral immunity!°. Mechanistically, LPS
impairs B-cell responses and antibody production through multiple pathways, including the
accumulation of extracellular ATP that compromises T-cell function, thereby indirectly affecting 1gG

synthesis®®. The decline in IgG within 6—-24 hours post-LPS administration is consistent with an acute
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immunosuppressive phase, as previously documented in mice models®.

The restoration of serum IgG levels by the coffee-like extract at doses of 1000 and 1500 mg/kg,
and the partial restoration at 500 mg/kg, demonstrates potent immunomodulatory activity. Notably,
the 500 mg/kg dose achieved only partial recovery (2600 + 26.90 pug/mL), significantly lower than the
normal group (p < 0.001), whereas the 1000 and 1500 mg/kg doses achieved complete restoration
comparable to normal and vitamin E groups. This differential response indicates a dose threshold for
full humoral immune recovery. This finding substantially extends our previous work, which focused on
cellular immunity parameters (CD4*CD62L* and CD8'CD62L* T-lymphocyte subsets)!4, by
establishing that the extract also benefits humoral immune responses.

The absence of a significant difference between the 1000 and 1500 mg/kg doses (p > 0.05)
suggests a plateau effect for IgG restoration, with the immunomodulatory threshold reached at 1000
mg/kg. This pattern is consistent with saturable receptor-mediated mechanisms, where all available
targets are fully occupied at the lower effective dose®. Interestingly, this plateau effect for IgG
contrasts with the dose-dependent hepatoprotective effects observed in the liver histopathology,
suggesting differential dose-response relationships for immune versus organ-protective
outcomes. This differential sensitivity may reflect the distinct physiological thresholds for humoral
immune restoration versus tissue protection, with the former requiring lower bioactive compound
concentrations.

The proposed mechanism involves the protection of B lymphocytes and plasma cells from
LPS-induced oxidative damage by the antioxidant constituents of the extract. Steroids and terpenoids
are well-documented for their anti-inflammatory and immunomodulatory properties®, while saponins,
even at low concentrations, can act as immune adjuvants by enhancing antigen presentation and
promoting antibody production®®2. By reducing reactive oxygen species (ROS) levels, these
compounds may preserve the functional capacity of B cells to produce antibodies®. However, it is
important to acknowledge that these proposed mechanisms are speculative, as oxidative stress
biomarkers (e.g., MDA, SOD, CAT) and inflammatory cytokines (e.g., TNF-a, IL-6) were not directly
measured in this study.

The comparable efficacy between the coffee-like extract and vitamin E suggests overlapping
mechanisms of action. Vitamin E enhances adaptive immunity under oxidative stress by stabilizing
cell membranes, reducing lipid peroxidation, and modulating signaling pathways in both T and B
cells®”. Similarly, the bioactive compounds in the mangrove extract likely protect immune cell
membranes from oxidative damage, preserve cellular signhaling integrity, and support the
differentiation of B cells into antibody-secreting plasma cells&-,

Hepatoprotective Mechanisms and Dose-Dependent Effects

The severe hepatic damage observed in LPS-treated mice, characterized by reduced healthy
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hepatocytes and increased nuclear abnormalities (pyknosis, karyorrhexis, and karyolysis), reflects the
hepatotoxic consequences of systemic inflammation and oxidative stress. LPS triggers the release of
pro-inflammatory cytokines (TNF-a, IL-6) and induces ROS production, leading to hepatocellular
injury through apoptosis and necrosis pathways?'?’. The nuclear morphological changes observed—
pyknosis (nuclear shrinkage and condensation), karyorrhexis (nuclear fragmentation), and karyolysis
(nuclear dissolution)—are hallmarks of irreversible cell death and indicate the severity of LPS-induced
hepatotoxicity.

The coffee-like extract demonstrated dose-dependent hepatoprotective effects, with the
highest dose (1500 mg/kg) achieving near-complete restoration of liver histology to levels comparable
to the normal group and vitamin E control. This dose-response relationship underscores the extract's
therapeutic potential and suggests that the protective effects are concentration-dependent. The 500
mg/kg dose provided moderate protection (72.1% healthy cells), while 1000 mg/kg produced
substantial improvement (76.5% healthy cells), and 1500 mg/kg yielded optimal protection (80.2%
healthy cells). Notably, the histopathological parameters at 1500 mg/kg were statistically
indistinguishable from those of the vitamin E group (78.4% healthy cells), indicating comparable
hepatoprotective efficacy.

The hepatoprotective mechanism is likely mediated by multiple pathways. First, the antioxidant
constituents—steroids, terpenoids, and Maillard reaction products (MRPs)—may neutralize ROS
within hepatocytes, preventing oxidative damage to cellular membranes and DNA®!. Second, the anti-
inflammatory properties of terpenoids and steroids may downregulate pro-inflammatory cytokine
production in the liver, attenuating the inflammatory cascade that leads to hepatocellular injury®2. This
is supported by previous studies showing that R. mucronata bark extract reduced TNF-a expression
and decreased oxidative stress in ethanol-induced liver injury models®. Third, the preservation of
hepatocyte integrity supports the liver's metabolic and synthetic functions, including the production of
complement proteins and acute-phase reactants essential for systemic immunity®*.

The integration of liver protection with 1gG recovery is particularly noteworthy, but it is essential
to clarify that the liver does not directly produce IgG. Rather, by preserving hepatocyte integrity, the
coffee-like extract likely supports the liver's contribution to systemic immunity—including the synthesis
of complement components and acute-phase proteins—which in turn creates a favorable
microenvironment for secondary lymphoid organs and plasma B cells to produce 1gG2?"°*. This dual
action—protecting both the liver and immune cells—may explain the comprehensive
immunomodulatory and hepatoprotective effects observed.

Integration with Previous Findings and Mechanistic Framework
Integrating the present findings with our earlier publications'®!* establishes a coherent

mechanistic framework for the biological activities of the R. mucronata coffee-like product. The extract

Journal homepage: https://jone.poltekkes-surabaya.ac.id

417



Journal of Nutrition Explorations
Volume 4 Number 3, August 2026
e-ISSN: 2987-761X

exerts immunomodulatory effects through two complementary pathways: (i) enhancement of cellular
immunity, as evidenced by increased CD4*CD62L* and CD8*CD62L* T-lymphocyte subsets, and (ii)
enhancement of humoral immunity, demonstrated by restoration of serum IgG levels in the present
study. Simultaneously, the extract provides organ protection, attenuating LPS-induced damage to
both the liver (present study) and renal.

These diverse biological activities are likely mediated by the synergistic action of the extract's
dominant bioactive constituents—steroids, terpenoids, and saponins—along with Maillard reaction
products (MRPs) generated during roasting. The collective actions of these compounds include: (i)
shielding immune cells from oxidative stress through radical scavenging and membrane protection,
thereby preserving their functional capacity; (ii) curbing systemic and organ-specific inflammation via
downregulation of pro-inflammatory cytokines; (iii) preventing hepatocellular necrosis through ROS
neutralization and anti-inflammatory signaling; and (iv) supporting overall immunological and
metabolic homeostasis through preservation of organ integrity.

However, it is important to acknowledge that the dose-response relationships differed between
the two primary outcomes. For serum IgG, a plateau effect was observed at 1000 mg/kg, with no
additional benefit at 1500 mg/kg. In contrast, for liver histopathology, a dose-dependent trend was
observed, with the highest dose (1500 mg/kg) achieving near-complete restoration. This differential
sensitivity may reflect the distinct physiological thresholds for immune restoration versus tissue
protection, and suggests that the optimal dose for immunomodulation (1000 mg/kg) may differ from
the optimal dose for maximal hepatoprotection (1500 mg/kg). This nuanced finding has important
implications for product development, as it suggests that different health benefits may require different
dosage regimens.

Significance and Future Directions

This study provides the first evidence that the artificially processed coffee-like product from R.
mucronata fruit can restore humoral immune function and protect the liver in a mice model of systemic
inflammation. These findings have significant implications for the development of functional foods
from Indonesia's mangrove biodiversity, particularly from the Sangihe Islands, where R. mucronata is
abundant.

The product's preliminary safety is supported by our previous in silico predictions indicating
low oral toxicity (LDso, = 5000 mg/kg, toxicity class V) and absence of hepatotoxic potential for the
major identified compounds®®. However, it is crucial to emphasize that these in silico predictions and
the absence of overt toxicity at the highest tested dose (1500 mg/kg) serve only as preliminary safety
indicators and do not replace formal toxicological evaluation. Comprehensive toxicological studies
according to OECD guidelines®, including subacute and chronic toxicity assessments, are essential

before any recommendation for human consumption can be made.
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Furthermore, the distinction between the ethanolic extract used for phytochemical profiling and
the aqueous brew used forin vivo administration must be considered when interpreting the
results. While the ethanolic extract provided comprehensive characterization of the product's
bioactive constituents, the aqueous brew more closely resembles the actual human consumption
pattern. The presence of water-soluble MRPs in the brew, which are absent in the ethanolic extract,
may have contributed to the observed biological effects. Future studies should characterize the
phytochemical profile of the aqueous brew to better understand the active constituents responsible
for the in vivo effects.

Future research should focus on: (i) isolation and characterization of individual bioactive
compounds responsible for the observed effects; (ii) elucidation of specific molecular mechanisms,
including receptor-mediated signaling pathways; (iii) evaluation of efficacy and safety in long-term
administration protocols; (iv) assessment of bioavailability and pharmacokinetics of the active
constituents; (v) formal toxicological evaluation according to OECD guidelines; and (vi) translational
research and clinical trials to validate the functional food potential of this mangrove-based product.

The economic and sustainability implications are noteworthy. Transforming mangrove fruits
into a value-added coffee-like beverage provides an alternative livelihood opportunity for coastal
communities while promoting the sustainable utilization of mangrove resources. Moreover, the same
mangrove leaves have been successfully incorporated into rice crackers, yielding a product that was
sensorially well-accepted (ratings of "like" to "very like" for appearance, aroma, taste, and texture)
and met the Indonesian National Standard for moisture content®. This demonstrates the versatility of
R. mucronata as a functional ingredient across different food matrices and provides a model for
community-based product diversification. The scientific validation of its immunomodulatory and
hepatoprotective properties strengthens the evidence base for this innovative functional food and
supports its commercialization as a health-promoting beverage derived from Indonesia's unique
biodiversity.

Limitations of Study

Several limitations should be acknowledged. First, the study was conducted in a mouse model,
and results may not directly translate to human applications. Second, the acute LPS challenge model
differs from chronic inflammatory conditions, and the extract's efficacy in chronic disease models
remains to be established. Third, the phytochemical analysis focused on major compound classes
without identifying specific individual compounds; comprehensive metabolomic profiling, particularly
of the aqueous brew used forin vivo administration, would provide deeper mechanistic
insights. Fourth, oxidative stress biomarkers (e.g., MDA, SOD, CAT) and inflammatory cytokines
(e.g., TNF-q, IL-6) were not measured, limiting our ability to confirm the proposed antioxidant and

anti-inflammatory mechanisms. Fifth, the study did not evaluate potential interactions between the
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extract and conventional therapeutic agents. Sixth, the use of different extraction solvents for in
vitro (ethanol) and in vivo (aqueous brew) studies, while justified by safety and relevance
considerations, limits direct comparability of the phytochemical profiles between the two sets of
experiments. This study did not calculate the human equivalent dose (HED) for animal doses. The
highest dose administered to test animals was used to evaluate liver and kidney effects, so formal
toxicological evaluation and clinical trials are required before human consumption can be

recommended.

CONCLUSION

This study demonstrates that the processed coffee-like product derived from Rhizophora
mucronata fruit possesses immunomodulatory and hepatoprotective potential in a mouse model of
LPS-induced systemic inflammation. Phytochemical characterization revealed the presence of
steroids, terpenoids, and saponins, with moderate antioxidant activity. Proximate analysis confirmed
that the product meets Indonesian National Standards for moisture and caffeine content, supporting
its potential as a functional food ingredient.

Oral administration of the extract at 1000 and 1500 mg/kg fully restored serum IgG levels to
normal, while the 500 mg/kg dose provided only partial recovery, indicating a dose threshold for
complete humoral immune restoration. In contrast, the extract demonstrated dose-dependent
hepatoprotective effects, with the highest dose (1500 mg/kg) achieving near-complete restoration of
liver histology, comparable to vitamin E. These differential dose—response patterns suggest that the
optimal dose for immunomodulation (1000 mg/kg) may differ from the optimal dose for maximal
hepatoprotection (1500 mg/kg).

These preliminary findings provide a scientific rationale for further development of this coffee-
like beverage as a functional food derived from Indonesia's local biodiversity. However, it is important
to emphasize that these results are based on an acute animal model, and comprehensive
toxicological evaluation according to OECD guidelines, as well as clinical trials, are essential before
human consumption can be recommended. Future research should focus on isolating individual active
compounds, elucidating specific molecular mechanisms, and conducting long-term safety and

efficacy studies.
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