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ABSTRACT

BACKGROUND: Accurate estimation of post-mortem intervals in drowning cases remains challenging in forensic investigations
due to limited reliable biochemical and histopathological markers, particularly in freshwater environments.

AIM: To evaluate the biochemical (blood glucose, muscle glycogen, and lactate dehydrogenase activity) and histopathological
(lung tissue damage) indicators for estimating postmortem interval in freshwater drowning as part of an integrative forensic
approach.

METHODS: This study is an experimental, randomized controlled study. Thirty male Sprague—Dawley rats (average weight
200-250 g) were divided into five groups: one control group and four drowning groups observed at intervals of 30, 60, 90,
and 120 min post-mortem. This study evaluates metabolic parameters, including blood glucose, muscle glycogen, lactate
dehydrogenase enzyme activity, and lung histopathology.

RESULTS: Biochemical analysis revealed a significant progressive decline in glucose (p < 0.01) and glycogen levels (p < 0.001)
and a substantial increase in lactate dehydrogenase enzyme activity (p < 0.001) over time. Regression analyses showed strong
predictive relationships (R% glucose = 0.88, glycogen = 0.98, lactate dehydrogenase = 0.75). Effect sizes (Cohen’s d) were very
large for all biochemical parameters (glucose = 5.19, glycogen = 10.12, lactate dehydrogenase = 17.73). Histopathological
examination revealed a clear, time-dependent progression of lung tissue damage, from mild interalveolar septum thickening
to severe edema, hemorrhage, and inflammation, correlating with biochemical changes.

CONCLUSION: These integrated biochemical and histopathological findings provide forensic investigators with reliable
and objective biomarkers to more precisely estimate post-mortem intervals in freshwater drowning cases. Clinically,
the identified markers could inform assessment and management of near-drowning patients, guiding therapeutic interventions
aimed at mitigating lung injury and metabolic disorders.
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AABHOCTU HAaCTYNJIEHUA CMEPTH NPU YTONNEHUU

B NPecHoi Boje: KOMNJIEKCHbIK cyae6HO-MeAULIMHCKUM
aHanus (aKcnepuMeHTasIbHOe UCCNefoBaHue)

|. Aflanie, P.W. Nurikhwan, A.U. Habibah, N. A. Rahmadina, |.K. Oktaviyanti

Lambung Mangkurat University, baHmxapmacut, UHaoHe3ns

AHHOTALLUA

06ocHoBaHMe. TouHas OLEHKA AaBHOCTM HACTYMJIEHUS CMEPTM NPU YTOMEHUM OCTAETCA CNOXHOW 3afaqeit B MpaKTUKe cy-
Ae0HO-MeNLIMHCKOM 3KCNEPTU3bl B CBA3M C OrPaHMYEHHBIM KOJIMYECTBOM HALLEXHBIX BMOXMMUYECKMX M rUCTONaToorMYe-
CKMX MapKEpOB, 0COBEHHO B CAly4asX YTOMN/IEHWUS B NPECHON BOJE.

Lienb uccneposanms. OueHKa NPpUMeHUMOCTH BUOXMMUYECKWX U TUCTONATONOTMYECKUX MApKEPOB — KOHLLEHTPaLWM [TII0KO-
3bl, COLEPKaHMS IMIMKOreHa, aKTUBHOCTYW NIAKTaTAerMaporeHassl, a TakKe CTeNneHu NoBpeXAeHNs NEFOYHON TKaHM — B MpaK-
TUKe cynebHO-MeIULMHCKON 3KCNepTU3bl ANA onpefeneHus AaBHOCTU HAaCTYNEHUs CMEPTU NPY YTOMNJIEHUM B NPeCHOI Boje.
MeTogpl. lpoBefeHO 3KCMEpUMEHTaNbHOE PaHAOMU3UPOBaHHOE KOHTPONMpPYeMoe UcciefoBaHue. TpuaLaTb CaMLOB Kpbic
nunum Cnper—[oynu (cpeaHss Macca Tena: 200-250 r) pasgenniu Ha NsiTb Fpynn: KOHTPOSbHYIO W YeTbIpe rpymMbl YTONAEHUS
¢ oueHkon yepe3 30, 60, 90 u 120 MMH nocne HacTynneHWA CMEPTU COOTBETCTBEHHO. B laHHOM MCCNeoBaHMM OLeHUBau
nokasaTenu MeTabonmaMa, BKIIH0Yas KOHLEHTPALMIO [TI0KO3bl B KPOBU, COLEPIKaHUe IMMKOreHa B MbILLILIAX, aKTUBHOCTb NaK-
TaTAernaporeHasbl, a TakKe rucTonaToNorieckne M3MeHeH!s B JIEFOYHON TKaHMW.

Pe3ynbTathl. BUoxuMuyeckuii aHanu3 NpoLEMOHCTPMPOBAN CTAaTUCTUHECKM 3HAYMMOE NPOrPeCcCUpYIOLLEe CHUKEHWE KOHLIEH-
Tpaumm rnoKosbl (p <0,01) u copepxanua ramkoreHa (p <0,001), a TaKKe NOBbLILLEHME aKTUBHOCTM NlAKTaTAerMaporeHasbl
(p <0,001) ¢ TeuyeHneM BpeMeHW. PesynbTaTbl perpeccoHHOr0 aHanMsa CBMAETENbCTBOBAAM O CUIbHBIX MPOrHOCTUYECKUX
CBA3AX paccMaTpuBaeMbix Mapképos (R% 0,88, 0,98 1 0,75 ANs KOHLEHTPALWMM FNIOKO3bl, COAEPXaHNS TNIMKOTeHa U aKTUBHO-
CTW NTAKTaTAerMaporeHasbl COOTBETCTBEHHO). [Ins Bcex BMOXUMUYECKMX MapKEPOB 0TMeYeH 04eHb BobLLoii pa3Mep 3ddekTa
(d Koana): 5,19, 10,12 u 17,73 ansa KOHUEHTPaLMUM TJIIOKO3bl, COLEPMKAHMS TTIMKOreHa U aKTUBHOCTW NTaKTaTAeruaporeHasbl
COOTBETCTBEHHO. Pe3ynbTathl rMCTONATONONMYECKOr0 UCCIIEA0BaHUA NPOLEMOHCTPUPOBA BbIPaXEHHOE NporpeccupyloLLee
NOBPEXAEHWE NETOYHONM TKAHW BO BPEMEHM: OT HE3HAUMTENBHOTO YTOJLLEHUS MEXaNbBEONIAPHLIX MEpPEropofoK A0 OTEKA
TSIKENOW CTENEHU, KPOBOMU3NUAHMA U BocnaneHus. HabnioaaeMoe nporpeccupoBaHye KOPpeNMpoBano ¢ U3MeHeHUAMU Buo-
XMMWYECKUX MapKEpOoB.

3aknioyeHne. KoMmnnekcHas oueHKa BUOXMMUYECKUX M TUCTOMATONOrMYecKUX MoKasaTesiel No3BONSeT MOAYYUTb HafEK-
Hble U 00beKTHBHbIE 61OMapKEpPLI Ans 6onee TOYHOrO oNpefeneHns AaBHOCTU HACTYNNEHUS CMEPTM MPU YTONJEHUM B Mpec-
HOW BOAE B MpaKTUKe CynebHO-MeaMUMHCKONA 3KCNEepTU3bl. B KIMHMYECKON NpaKTUKe BbISB/IEHHbIE MApKEPbI MOMYT ObiTb
none3Hbl Npu 06cNef0BaHUN U OKa3aHUM MeLULMHCKOW NOMOLLM MPKM YTOMEHNM, a TaKxe Npu Bblbope CTpaTeruii NeyeHus
LNSA CHUKEHUS PUCKA NOBPEXAEHWA NEFKMUX U MeTaboMYECKUX HapyLLEHUNA.

KnioueBble cnoBa: yTonjieHne; NnoCMepTHble U3MEHEHUA; 6MOMapKépr; rucronatosiorus, CWJ,E6HO-ME,U,MU,MHCK3H JKCnepTn3a.
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BACKGROUND

Banjarbaru the capital of South Kalimantan, is known
for its extensive river and wetland environments (-3.3167° S,
114.5833° E). The city's rivers range from the shortest,
Belasung river (95 m), to the longest, Barito river (11,500 m).
Although these rivers support local economic and social
activities, they increase drowning risks, particularly in densely
populated areas with limited monitoring [1]. Globally,
drowning causes approximately 388,000 deaths annually,
ranking as the third-leading cause of accidental death [2].
Ulin Regional Hospital report a 10-15% annual increase
in drowning fatalities compared to 2010 [3].

A victim who drowns in a river undergoes physiological
and histopathological changes different from those caused
by drowning in seawater due to the hypotonic properties
of freshwater. Hypotonicity results in rapid absorption
of water by the body and its distribution to tissues.
Individuals who drown in freshwater experience substantial
fluid absorption, extensively affecting cellular and systemic
balance [4]. Additionally, the influx of fluid elevates cellular
osmotic pressure, leading to the loss of normal cellular
function [5]. Water entering the lungs causes asphyxia
resulting in hypoxia. Cellular metabolism shifts from aerobic
to anaerobic pathways, producing only two adenosine
triphosphate (ATP) molecules via anaerobic metabolism. Low
ATP reduces energy supply to cells and tissues, triggering
glycogen breakdown in the liver and muscles and activating
pancreatic amylase, which breaks down polysaccharides
to glucose [6]. According to Girela-Lopez et al., muscle
degeneration, myofibrillar disorganization, and mitochondrial
abnormalities are observed in cases of drowning. These
mitochondrial dysfunctions disrupt ATP synthesis, which
is essential for muscle contraction and movement,
highlighting the critical role of mitochondrial integrity
in maintaining normal muscular function [7]. Maeda et al.
(2009) reported postmortem biochemical findings related
to lung weight in drowning cases, highlighting differences
between saltwater and freshwater drowning, but not a direct
correlation with immersion duration [8].

Determining post-mortem intervals (PMI) is a critical
yet challenging task in forensic pathology, particularly
in drowning incidents. Current forensic guidelines often
lack specific biochemical and histopathological markers,
especially in freshwater drowning scenarios. Integrating
metabolic markers, such as glucose, glycogen, and lactate
dehydrogenase (LDH)—a common hypoxia indicator—
with histopathological assays could significantly enhance PMI
accuracy. However, their changes and relationship to tissue
changes are understudied in literature.

AM

To evaluate the bhiochemical (blood glucose,
muscle glycogen, and lactate dehydrogenase activity)
and histopathological (lung tissue damage) indicators
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for estimating postmortem interval in freshwater drowning
as part of an integrative forensic approach.

METHODS
Study design

This study is an experimental, randomized controlled
examining biochemical and histopathological markers used
to estimate post-mortem intervals (PMI) in freshwater
drowning.

In this study we tried to identify whether these biochemical
and histopathological markers can reliably predict PMI
in freshwater drowning cases. Primary hypothesis was that
glucose and glycogen levels decrease progressively; whereas
LDH activity and lung tissue damage increase with long post-
mortem intervals.

Independent variables included the duration of the post-
mortem interval (0, 30, 60, 90, and 120 min). Dependent
variables were biochemical parameters (blood glucose,
muscle glycogen, and LDH activity) and histopathological
severity of lung tissue damage.

Eligibility criteria

The inclusion criteria were healthy male, specified
pathogen-free (SPF) Sprague—Dawley rats aged 7-8 weeks,
weighing approximately 200-250 g.

The non-inclusion criteria: rats with visible signs of illness
or abnormalities; animals not meeting the weight and age
criteria.

Exclusion criteria: animals showing health issues
during acclimatization were not included in the study
to maintain homogeneity and reliability.

Study setting

The study was conducted at the Animal Experiment
Center of Universitas Lambung Mangkurat, Banjarmasin,
South Kalimantan, Indonesia. This center provided controlled
environmental conditions suitable for experimental animal
study. The city’s unique geographical setting with extensive
river networks provides an essential social, economic,
and cultural context for understanding freshwater drowning
incidents. These local environmental conditions influence
external generalizability, including forensic relevance
in similar tropical freshwater environments.

Study duration

The study was conducted from February 2024 to April
2024, including the initial animal acclimatization (one week),
experimental procedures (including animal drowning
simulations), biochemical assays, histopathological
examination, and data analysis. Intermediate checkpoints
included sample collection at 30, 60, 90, and 120-minute
intervals post-mortem. No significant deviations
from the initial study duration were reported.
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Intervention

Acclimatization phase

Thirty white rats were divided into five groups of six rats
each. Each group was housed in separate cages to facilitate
adaptation over a one-week period. During the acclimatization
phase, all rats received a uniform diet and hydration
regimen consisting of C-05 pellets and tap water. Prior
to treatment, the rats were fasted for 1-2 h to ensure that
their gastrointestinal tract was emptied.

Experimental phase

Treatment was conducted for each group as described
below. The PO group, which consisted of rats that were
not submerged in water, was the control group. In four
groups (P1-P4), animals were immersed in river water
until death (approximately 10 min), after which they were
left in the water for another 30, 60, 90, and 120 min,
respectively. All animals were anesthetized using inhalation
anesthesia prior to submersion. Isoflurane was administered
as the anesthetic agent, with an induction concentration
of 3—4% delivered in oxygen at a flow rate of 1-1.5 L/min,
followed by a maintenance concentration of 2% to sustain
a stable anesthetic depth. Adequate anesthesia was
confirmed through the complete loss of righting and pedal
withdrawal reflexes. After anesthetizing the animals were
immersed directly in freshwater to induce drowning.

The onset of death was recorded as the time when
animals became completely unresponsive to stimuli,
including the spontaneous respiration and heartbeat arrest
(verified by auscultation and observation). The average time
from immersion to death was approximately 8—12 min and this
period was relatively consistent across animals, with variations
of no more than 2 min. After death was confirmed, drowning
procedures were completed. Following these treatments,
all groups of animals were euthanized using intraperitoneal
injection of ketamine at a dose of 250 mg/kg BW and then
blood, limb muscle, and lung tissues were collected for analysis.
Subsequently, LDH activity, blood glucose concentration,
and glycogen content in muscle tissue were assessed,
and a histological examination of lung tissue was performed.

Main study outcome

The primary endpoint of this study was the accurate
determination of reliable biochemical and histopathological
markers of post-mortem intervals (PMI) in freshwater
drowning cases. The study specifically analyzed biochemical
indicators (glucose, glycogen, and lactate dehydrogenase
[LDH] activity) together with histopathological alterations
in lung tissues.

Additional study outcomes

Additional outcomes included detailed histopathological
characterization and the statistical validation of metabolic
and cellular damage.
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Subgroup analysis

Depending on the time spent in the water after death,
the animals were divided into five groups:

« Group PO — control;

« Group P1 — animals spent 30 minutes in the water;

* Group P2 — animals spent 60 minutes in the water;

« Group P3 — animals spent 90 minutes in the water;

« Group P4 — animals spent 120 minutes in the water.

After the specified time, LDH activity, glucose
concentration, glycogen content, and histological changes
in the lung tissue were analyzed.

Outcome registration

The primary biochemical outcomes—blood glucose,
muscle glycogen, and lactate dehydrogenase (LDH) enzyme
activity—were quantitatively assessed using standardized
laboratory methods.

Measurement of LDH enzyme activity

Blood samples (approximately 0.02 mL) were used
to determine lactate dehydrogenase (LDH) levels. For this
assay, 1 mL of Liquiform LDH® (Labtest, Brasil, product
code: 86) was used. A total of 60 LDH measurements were
performed from 30 rats. Each blood sample was analyzed
in two technical replicates (duplicate readings) to increase
the accuracy of the results, A total of 21 LDH reagent kits
were used for the entire analysis.

Measurement of blood glucose levels

To measure blood glucose, a blood volume
of approximately 0.01 mL per sample is required. Blood
samples were taken once from each mouse. Each
sample was analyzed in two technical replicates using
Glucose Liquiform® (Labtest, Brasil, product code 133;
1 mL per measurement). Therefore, a total of 60 glucose
measurements were performed. With a requirement
of ~1 mL per measurement, one 500 mL bottle of reagent
was sufficient for all analyses. A volume of 10 mL was added
to a test tube, which was subsequently mixed with 20 pL
of 500 mM glucose solution in 970 pL PBS and shaken
thoroughly to ensure homogeneity. The mixture was
incubated for one hour. Following incubation, centrifugation
was performed at 1500 rpm for 10 min. From the supernatant,
25 uL was collected and mixed with 225 pL of a 25 mM
glucose solution in a 1:10 PBS dilution. Next, 2.25 pL of cold
4% formaldehyde solution was added and the mixture
was centrifuged again at 1500 rpm. Then, the red blood
cell sediment was lysed using 2.25 mL of distilled water.
The lysate was allowed to stand at room temperature
for approximately 20 min before another centrifugation run
for 10 min at 1500 rpm. Finally, 10 pL of the red blood cell
sample was mixed with 1 mL of BIOSYSTEMS glucose assay
reagent A and incubated for 5 min. The absorbance was
measured at a wavelength of 505 nm.
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Measurement of muscle glycogen

To measure muscle glycogen, the method developed
by Lo et al. was used [9,10]. Muscle tissue samples (+1 g)
were taken from the hindlimb of each mouse (n = 30). Muscle
tissue samples were dried overnight in an oven at 50°C, then
ground into a fine powder. 30 mg of the powdered sample
was extracted with 1 mL of 30% potassium hydroxide
(KOH) solution, incubated in a boiling water bath for 20 min,
and allowed to cool to room temperature. Then, 1 mL of cold
95% ethanol was added to the sample tube and the mixture
was stored at 4 °C for 30 min. Centrifugation was performed
for 20 min at 2500 rpm to separate the glycogen precipitate
from the samples. The obtained precipitate was diluted
with distilled water (1 mL of distilled water). The muscle
sample (100 pL) was mixed with 3 mL of 0.2% (w/v) phenol-
sulfuric acid until heating. The green color indicates a positive
result for glycogen. The change in color was subsequently
measured using a spectrophotometer at a wavelength
of 620 nm.

Histopathological examination

Following the treatment phase, the lung tissues from each
experimental group were collected for histopathological
examination. The lungs were carefully excised and immediately
fixed in 10% neutral-buffered formalin for 24 h to preserve
tissue architecture. After fixation, the tissues were processed
using a standard paraffin-embedded technique. Thin sections
(4=5 pm) were cut using a microtome and mounted on glass
slides.

The slides were then stained with hematoxylin
and eosin (H&E) to assess histopathological changes
under light microscopy. We evaluated the following
histological parameters:

a. Thickening of the interalveolar septum to determine
structural alterations;

b. Degree of alveolar edema as an indicator of fluid
accumulation;

c. Inflammatory cell infiltration to quantify the immune
response; and

d. Hemorrhage and bronchial fluid to assess vascular
damage and tissue degradation.

Histopathological findings were categorized based
on the degree of damage: none, mild, moderate, or severe.
Representative images from each group were documented
to illustrate the progression of tissue damage corresponding
to the post-mortem intervals. These examinations were
performed independently by two experienced pathologists
to ensure consistency and to minimize observer bias.

Ethics approval

The study protocol was reviewed and approved
by the Ethical Committee of the Department
of Medicine, Universitas Lambung Mangkurat. (protocol
No. 007/KEPK-FKIK ULM/EC/II/2024 on February 02, 2024).
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Statistical analysis

Sample size calculation. A sample size calculation
was not conducted prior to the study; the sample size
was selected based on standard practices and guidelines
on similar experimental designs in preclinical forensic
research involving animal models.

Statistical data analysis. Statistical processing was
performed using IBM SPSS Statistics v. 26 (IBM Corp.,
USA). Data were presented as mean + standard deviation
(SD). Statistical differences between groups were analyzed
using one-way ANOVA followed by Tukey’s honest significant
difference test for paired comparisons. Pearson correlation
test and linear regression analyses were used to determine
the strength and predictive relationships between post-
mortem intervals and biochemical markers. Effect sizes
were calculated using Cohen’s d to evaluate the magnitude
of biochemical changes from baseline. A p-value of < 0.05
was considered statistically significant.

RESULTS

Participants

This experimental study included a total of 30 male Sprague—
Dawley (SD) rats, aged 7-8 weeks, with a mean body weight
of approximately 200-250 g, provided by the Animal Experiment
Center, Department of Medicine, Universitas Lambung
Mangkurat, Banjarmasin, Indonesia. Animals were randomized
into 5 experimental groups (n = 6 per group), including one
control group (no drowning intervention) and 4 experimental
groups subjected to drowning. All rats underwent standard
acclimatization procedures before the study.

Primary results

Histopathological ~examination revealed clear,
time-dependent progression of lung tissue damage
following drowning (see Fig. 1). In the control group (P0),
lung tissues remained intact, without noticeable histological
changes. At 30 min (group P1), most samples displayed mild
histopathological changes, characterized primarily by slight
interalveolar septum thickening and mild inflammatory
cell infiltration. At 60 min post-mortem (group P2), lung
tissue exhibited moderate damage, including clear septal
thickening, moderate alveolar edema, inflammatory cell
infiltration, localized hemorrhage, and bronchial fluid
accumulation. At 90 min (group P3), the damage intensified
with widespread moderate-to-severe alveolar edema,
extensive septal thickening, dense inflammatory cell
infiltration, and pronounced bronchial fluid accumulation.
At 120 min (group P4), nearly all samples showed severe
histological deterioration marked by extensive alveolar
edema, severe inflammatory response, widespread
hemorrhage, and pronounced structural degradation.
These histopathological findings show a clear correlation
between PMI duration and severity of lung damage.
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Biochemical assays revealed significant, time-dependent
changes in glucose, glycogen, and LDH activity following
drowning. Glucose decreased progressively with increasing
PMI (see Fig. 2). Initial glucose at baseline (group PO)
averaged 93.86 mg/dL, decreased significantly to 89.37 mg/dL
at 30 min (p = 0.033) and decreased again to 78.69 mg/dL
at 120 min post-mortem (p < 0.001).

Muscle glycogen also showed a marked decline correlated
to PMI (see Fig. 2). The average basal glycogen was 414.84
mg/q dry tissue (group P0), decreasing significantly to 386.72
mg/g dry tissue at 30 minutes post-mortem (p = 0.009)
and then continuing to decrease to 281.84 mg/g dry tissue
at 120 minutes (p < 0.001).

Conversely, LDH activity showed an exponential increase
over time post-mortem (see Fig. 2). Baseline LDH activity
(220 U/L) remained relatively stable during the initial

x100

60-minute interval, followed by a rapid increase, reaching
482 U/L at 120 minutes post-mortem (p < 0.001).

Comprehensive statistical analysis confirmed robust
and highly significant correlations between PMI and biochemical
parameters. Pearson’s correlation coefficients were strongly
negative for glucose (r = —0.94; p < 0.001) and glycogen
(r=-0.99; p < 0.001) and strongly positive for LDH (r = 0.87;
p < 0.001).

Table 1 and Fig. 2 summarize these biochemical
changes, showing the time-dependent depletion of glucose
and glycogen, alongside the significant increase in LDH
over the observed intervals.

Regression analyses further reinforced these findings
(see Table 2), demonstrating significant predictive
relationships between PMI and biochemical markers.
Specifically, glucose levels showed a significant linear

x400

Fig. 1. Histopathological examination of rat lungs revealed progressive damage: @ — in PO (control group), the alveolar structures
appeared to be normal; b — in P1 (30 min), mild septal thickening and mild edema were observed; c — P2 (60 min) showed moderate
edema and hemorrhage; d — P3 (90 min) showed severe edema and bronchial fluid accumulation; e — in P4 (120 min) with massive
edema, dense inflammation, extensive hemorrhage, and tissue destruction.
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Fig. 2. Biochemical changes demonstrating significant predictive relationships between PMI and biochemical markers.
Table 1. Glucose, glycogen, and lactate dehydrogenase
p-value p-value p-value
Time Glucose (mg/dL) (compared Glycogen (mg/g) (Mean + SD) (compared LDH (U/L) (Mean + SD) (compared
(Mean + SD) . . .
to baseline) to baseline) to baseline)
0 (baseline) 93.86+3.50 — £414.84+15.20 — 220+12.30 —
30 89.37+2.75 0.033* 386.72+14.90 0.009* 232+10.75 0.102
60 8778+3.10 0.010% 352.74+11.50 <0.001* 243£11.60 0.008**
90 86.92+2.90 0.004** 335.32+13.30 <0.001* 305+14.40 <0.001*
120 78.69+2.20 <0.001** 281.84+10.70 <0.001* 482+16.90 <0.001*
r -0.939 <0.001** -0.988 <0.001* 0.868 <0.001*
Cohen's d 5.19 — 10.12 — 1773 —

Note. Quantitative data are presented as M+SD, where M is the mean value and SD is the standard deviation. The p-value is indicated when comparing
the obtained data with the baseline values. * — statistically significant differences, p < 0.05; ** — differences with a high level of statistical significance, p < 0.01.

Table 2. Regression analyses

Parameter Slope (Coefficient) Intercept R? (Model Strength)
Glucose -0.109 93.882 0.88 (Bbicokas)
Glycogen -1.058 L7772 0.98 (04eHb BbicoKast)
LDH 1.990 177000 0.75 (Bbicokas)

decrease over time indicative of progressive metabolic failure
post-mortem. Glycogen displayed an even stronger linear
relationship, decreasing substantially with increased PMI,
reflecting extensive depletion of energy reserves. In contrast,
LDH activity significantly increased, following a strong
linear trend, which is consistent with enhanced anaerobic
metabolism and autolytic enzyme release during tissue
degradation.
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Secondary results

Secondary observations reinforced the consistency
and reliability of the biochemical markers in estimating
post-mortem intervals. Effect size analysis (Cohen’s d)
confirmed substantial and clinically relevant biochemical
changes at 120 min (glucose d = 5.19, glycogen d = 10.12,
LDH d = 1773), emphasizing the pronounced metabolic
disturbances associated with drowning.
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Adverse events

No adverse events, such as unexpected injuries,
adverse medical events, illnesses, or emergency surgical
interventions, were observed during the experiment. All
animal handling and experimental interventions proceeded
as initially planned, with no complications reported
throughout the study.

DISCUSSION

Summary of primary results

This study showed significant biochemical
and histopathological changes following freshwater
drowning in a rat model, establishing glucose, glycogen,
and lactate dehydrogenase (LDH) as reliable biomarkers
for estimating the PMI. Specifically, glucose and glycogen
levels significantly decreased, while LDH activity markedly
increased over progressive post-mortem intervals.
Concurrent histopathological examinations revealed
a clear time-dependent progression from mild to severe
lung tissue damage, highlighting a strong correlation
between biochemical and tissue responses. Collectively,
these results support the feasibility of integrating biochemical
assays and histopathological examinations to enhance
the accuracy and reliability of forensic PMI estimations
in drowning cases.

Interpretation

This study provides a detailed investigation
of post-mortem biochemical and histopathological
changes associated with drowning, with a particular focus
on riverine environments. The study has an integrative
analytical framework, simultaneously assessing multiple
biochemical markers—glucose, glycogen, and LDH
enzyme activity—alongside meticulous histopathological
examination of lung tissue at various intervals post-mortem.
Previous forensic studies often focused only on single or
isolated parameters [11, 12]; thus, this integrative approach
is a significant methodological advancement, enhancing
the precision and reliability of PMI estimates in forensic
investigations of drowning [13, 14].

The biochemical assays conducted in this study clearly
demonstrated obvious, time-dependent metabolic changes
following drowning. Both glucose and glycogen showed
marked reductions as post-mortem intervals increased,
reflecting the progressive depletion of essential energy
reserves after death. This pattern aligns with the physiological
arrest of oxidative metabolism and subsequent reliance
on anaerobic metabolic pathways, resulting in rapid
utilization and eventual exhaustion of these energy sources.
Similar observations were reported by B. Madea [15], who
noted glucose depletion associated with anaerobic metabolic
shift post-mortem. Further validating the reliability of these
biomarkers. N. Tani et al. [16] demonstrated that postmortem
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water content in major organs, particularly lungs and kidneys,
can help differentiate freshwater drowning from seawater
drowning, which may assist in forensic interpretation.
In addition, LDH activity increased exponentially over time,
indicating significant metabolic shifts associated with cellular
autolysis and intensified anaerobic glycolysis. This pronounced
increase in LDH activity suggests enhanced permeability
of compromised cellular membranes, facilitating the release
of intracellular enzymes into extracellular spaces. Similar
exponential increases in LDH activity post-mortem have been
documented in previous forensicstudy S. L. Belsey et al. [17],
reinforcing its potential as a reliable biochemical marker
for PMI estimation.

The substantial effect sizes (Cohen's d > 5.0 for all markers
at 120 min) demonstrate that the observed biochemical shifts
are both statistically significant and biologically relevant.
Thus, forensic pathologists and investigators can apply
these metabolic markers in post-mortem examinations
to more accurately estimate time since death, particularly
in cases involving aquatic environments where conventional
histopathological indicators may be compromised.
Additionally, these biochemical markers could complement
or potentially replace current forensic methodologies that
are heavily reliant on subjective histological interpretations,
thereby reducing uncertainty and enhancing objectivity in PMI
estimations.

Histopathological findings supplemented the biochemical
findings, revealing a distinct chronological progression of lung
tissue damage following drowning. Initially, mild histological
alterations, such as mild thickening of the interalveolar
septum, were noted at early post-mortem intervals. These
alterations progressed to moderate and, subsequently,
severe histopathological damage characterized by prominent
edema, widespread hemorrhage, significant inflammatory cell
infiltration, and extensive bronchial fluid accumulation [16].
Similarly, B.J. McEwen et al. [18] noted that lung lesions
in drowning cases are variable in location, severity, and type,
even in a single histological section, without establishing
a direct temporal relationship to immersion time. Importantly,
these sequential histopathological transformations provide
forensic pathologists with tangible and reliable indicators
to more accurately estimate submersion duration and death
time, enhancing the accuracy of post-mortem investigations
in drowning cases.

Clinically, the identified markers could also inform
resuscitation and post-resuscitation protocols for near-drowning
patients by offering insights into metabolic and tissue damage
severity. This could improve clinical assessments, guide
targeted therapeutic interventions, and potentially improve
patient survival and recovery outcomes. Furthermore,
understanding the progressive lung damage after submersion
can guide emergency physicians and intensive care specialists
in early detection and management of drowning-related
respiratory complications, ultimately contributing to improved
patient care and prognosis.
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Study limitations

However, this study has several limitations. First,
Sprague-Dawley (SD) rats used as the experimental
model inherently hinder the direct extrapolation of findings
to human forensic settings due to significant physiological
and biochemical differences of the species. Therefore,
cautious interpretation and subsequent validation in human
studies are required to ensure forensic applicability. Second,
despite comprehensive biochemical profiling, the study did not
examine other potentially relevant markers, such as lactate,
oxidative stress indicators, or inflammatory mediators,
which could provide further insight into the post-mortem
biochemical dynamics. Finally, the study overlooked
other critical environmental factors, such as microbial
contamination, heavy metal concentrations or additional
pollutants, which could significantly affect post-mortem
biochemical and histopathological profiles.

Future research should focus on addressing these
limitations by conducting larger-scale studies involving human
tissues, using an expanded range of biochemical markers,
and a broader environmental assessment involving microbial
and chemical pollutants. Future studies should verify these
findings in diverse aquatic environments and conditions
to enhance the reliability and forensic applicability of this
integrative approach.

CONCLUSION

This study demonstrated the forensic utility of biochemical
markers (glucose, glycogen, and LDH) and associated
lung histopathological alterations to accurately estimate
PMI in freshwater drowning cases. The identified
biochemical and histopathological markers significantly
improve the objectivity and accuracy of PMI estimation
in forensic drowning investigations, addressing current
methodological limitations. By specifying the chronological
progression of biochemical alterations and lung tissue injury
post-drowning, this study provides hands-on quantifiable
and potentially reliable markers for forensic professionals.
These results also open opportunities to update clinical
practices in near-drowning patient care, potentially guiding
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