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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 (R²: 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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АННОТАЦИЯ
Обоснование. Точная оценка давности наступления смерти при утоплении остаётся сложной задачей в практике су-
дебно-медицинской экспертизы в связи с ограниченным количеством надёжных биохимических и гистопатологиче-
ских маркёров, особенно в случаях утопления в пресной воде.
Цель исследования. Оценка применимости биохимических и гистопатологических маркёров — концентрации глюко-
зы, содержания гликогена, активности лактатдегидрогеназы, а также степени повреждения лёгочной ткани — в прак-
тике судебно-медицинской экспертизы для определения давности наступления смерти при утоплении в пресной воде.
Методы. Проведено экспериментальное рандомизированное контролируемое исследование. Тридцать самцов крыс 
линии Спрег–Доули (средняя масса тела: 200–250 г) разделили на пять групп: контрольную и четыре группы утопления 
с оценкой через 30, 60, 90 и 120 мин после наступления смерти соответственно. В данном исследовании оценивали 
показатели метаболизма, включая концентрацию глюкозы в крови, содержание гликогена в мышцах, активность лак-
татдегидрогеназы, а также гистопатологические изменения в лёгочной ткани.
Результаты. Биохимический анализ продемонстрировал статистически значимое прогрессирующее снижение концен-
трации глюкозы (p <0,01) и содержания гликогена (p <0,001), а также повышение активности лактатдегидрогеназы 
(p  <0,001) с течением времени. Результаты регрессионного анализа свидетельствовали о сильных прогностических 
связях рассматриваемых маркёров (R2: 0,88, 0,98 и 0,75 для концентрации глюкозы, содержания гликогена и активно-
сти лактатдегидрогеназы соответственно). Для всех биохимических маркёров отмечен очень большой размер эффекта 
(d Коэна): 5,19, 10,12 и 17,73 для концентрации глюкозы, содержания гликогена и активности лактатдегидрогеназы 
соответственно. Результаты гистопатологического исследования продемонстрировали выраженное прогрессирующее 
повреждение лёгочной ткани во времени: от незначительного утолщения межальвеолярных перегородок до отёка 
тяжёлой степени, кровоизлияния и воспаления. Наблюдаемое прогрессирование коррелировало с изменениями био-
химических маркёров.
Заключение. Комплексная оценка биохимических и гистопатологических показателей позволяет получить надёж-
ные и объективные биомаркёры для более точного определения давности наступления смерти при утоплении в прес-
ной воде в практике судебно-медицинской экспертизы. В клинической практике выявленные маркёры могут быть 
полезны при обследовании и оказании медицинской помощи при утоплении, а также при выборе стратегий лечения 
для снижения риска повреждения лёгких и метаболических нарушений.
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摘要摘要

论证：论证：在法医鉴定实践中，由于可靠的生化和组织病理学标志物数量有限，尤其是在淡水溺

死情况下，准确评估死亡时间仍是一项复杂的任务。

目的：目的：评估血糖浓度、肌糖原含量、乳酸脱氢酶活性以及肺组织损伤程度等生化和组织病理

学标志物在法医学鉴定实践中用于推断淡水溺死死亡时间的适用性。

方法：方法：开展实验性随机对照研究。将30只雄性Sprague–Dawley大鼠（平均体重200–

250 g）分为5组：1个对照组和4个溺死组，分别在死亡后30、60、90 和120 min进行取材。

本研究评估了代谢指标，包括血糖浓度、肌糖原含量和乳酸脱氢酶活性，并对肺组织的组织

病理学变化进行了分析。

结果：结果：生化分析显示，葡萄糖浓度随时间呈统计学显著的逐渐下降（p<0.01），糖原含量显

著下降（p<0.001），而乳酸脱氢酶活性随时间显著升高（p<0.001）。回归分析显示，这

些标志物具有很强的预测关联性（R2：0.88、0.98、0.75，分别对应于葡萄糖浓度、糖原含

量和乳酸脱氢酶活性）。所有生化标志物的效应量（Cohen’s d）均极大：5.19、10.12和

17.73，分别对应于葡萄糖浓度、糖原含量和乳酸脱氢酶活性。组织病理学分析显示，肺组

织损伤随时间呈进行性加重：从轻度肺泡隔增厚发展至重度水肿、出血和炎症。其进程与生

化标志物的变化相一致。

结论：结论：生化指标与组织病理学改变的综合评价能够为淡水溺死死亡时间推断提供可靠且客观

的生物标志物，在法医学鉴定实践中具有重要意义。在临床实践中，这些标志物亦可用于溺

水患者的评估与医疗救治，以及制定降低肺损伤与代谢紊乱风险的治疗策略。

关键词：关键词：溺死；死后变化；生物标志物；组织病理学；法医鉴定。
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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-López 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.

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

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 P0  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. 

Subgroup analysis
Depending on the time spent in the water after death, 

the animals were divided into five groups:
• Group P0 — 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  μL 
of 500  mM glucose solution in 970  μL 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  μL was collected and mixed with 225  μL of a 25  mM 
glucose solution in a 1:10 PBS dilution. Next, 2.25 μL 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 μL 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 µL) 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 µm) 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).

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  P0) 
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/g 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 

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 

Fig. 1. Histopathological examination of rat lungs revealed progressive damage: a — in P0 (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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e

×100 ×400 
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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.

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  =  17.73), emphasizing the pronounced metabolic 
disturbances associated with drowning. 

Fig. 2. Biochemical changes demonstrating significant predictive relationships between PMI and biochemical markers.
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Table 1. Glucose, glycogen, and lactate dehydrogenase

Time Glucose (mg/dL) 
(Mean ± SD)

p-value 
(compared 
to baseline)

Glycogen (mg/g) (Mean ± SD)
p-value 

(compared 
to baseline)

LDH (U/L) (Mean ± SD)
p-value 

(compared 
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 87.78±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 — 17.73 —

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 R² (Model Strength)

Glucose −0.109 93.882 0.88 (высокая)

Glycogen −1.058 417.772 0.98 (очень высокая)

LDH 1.990 177.000 0.75 (высокая)
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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 

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 

medical interventions aimed at reducing metabolic disorders 
and lung injury severity. However, further research is required 
to validate these forensic biomarkers in human populations 
and to confirm their broader applicability and clinical 
relevance. Future studies should investigate additional 
biochemical indicators and environmental variables, 
enhancing the comprehensive understanding required 
for robust forensic and clinical use.
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