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Abstract

Background: Liver ischemia-reperfusion injury is one of the critical biochemical and clinical issues in hepatology; however, its
education is weak because of the complexity of the oxidative stress and antioxidant defenses mechanism. It is often the case that
the traditional lecture-based instruction strategies cannot guarantee long-term retention or translational of the knowledge to the
clinic, creating a disconnect between knowledge theory and on-the-job training. Closing this gap is necessary since ischemia-
related complications are one of the main morbidity and mortality factors after liver surgery and transplantation.

Objective: The purpose of the study was to design and compare an interactive e-learning session with of improving medical-
students understanding of liver ischemia and antioxidant defense, with lecture-based teaching.

Methods: A pilot study has been carried out at Azerbaijan Medical University with sixty third year medical students randomly
divided into a control group (lecture-based) and an experimental-group (interactive e-learning). Knowledge acquisition and
retention were measured using pre-tests, immediate post-tests and follow-up tests after two and four weeks. Engagement and
clinical relevance were determined by means of validated surveys. The statistical analysis was conducted with paired t -tests and
ANOVA.

Results: The e-learning group exhibited a +74.3 percent relative increase in knowledge scores (42.4 ± 3.3 to 78.8 ± 3.3, p <
0.01), and retention that was unchanged at four weeks (70.0 +/- 2.9). Conceptual comprehension was enhanced by 93.7 % (p <
0.01), and there was a win increase in student engagement of 64.6 % (p < 0.01). The application to clinical cases increased more
than twice as much (+110.2%, p < 0.01). The control group only had minor improvements, with retention of 49.5 + 4.9 after Four
weeks. Biological data in the form of complementary biochemical-analyses in ischemia models supported significant time related
damage in protein metabolism especially in the situation of prolonged ischemia.

Conclusions: ctive module was significantly better than lecture-based in promoting knowledge acquisition, retention, and
utilization in clinical practice. The results indicate the potential of the module as a scalable and effective pedagogical innovation
in the medical learning environment and toward a more robust clinical preparation. Clinical Trial: no registration number

(JMIR Preprints 21/08/2025:82797)
DOI: https://doi.org/10.2196/preprints.82797
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Interactive e-learning module on liver ischemia: enhancing medical education on antioxidant

defense mechanisms

ABSTRACT

Introduction: Liver ischemia-reperfusion injury is one of the critical biochemical and clinical issues

in hepatology; however, its education is weak because of the complexity of the oxidative stress and

antioxidant defenses mechanism. It  is often the case that the traditional lecture-based instruction

strategies  cannot  guarantee  long-term  retention  or  translational  of  the  knowledge  to  the  clinic,

creating  a  disconnect  between  knowledge  theory  and  on-the-job  training.  Closing  this  gap  is

necessary since ischemia-related complications are one of the main morbidity and mortality factors

after liver surgery and transplantation.

Objectives: The purpose of the study was to design and compare an interactive e-learning session

with of improving medical-students understanding of liver ischemia and antioxidant defense, with

lecture-based teaching.

Methods: A pilot study has been carried out at Azerbaijan Medical University with sixty third year

medical students randomly divided into a control group (lecture-based) and an experimental-group

(interactive  e-learning).  Knowledge  acquisition  and  retention  were  measured  using  pre-tests,

immediate  post-tests  and  follow-up  tests  after  two  and  four  weeks.  Engagement  and  clinical

relevance were determined by means of validated surveys. The statistical analysis was conducted

with paired t -tests and ANOVA.

Results: The e-learning group exhibited a +74.3 percent relative increase in knowledge scores (42.4

± 3.3 to  78.8 ± 3.3,  p  < 0.01),  and retention that  was unchanged at  four  weeks (70.0 +/-  2.9).

Conceptual comprehension was enhanced by 93.7 % (p < 0.01), and there was a win increase in

student engagement of 64.6 % (p < 0.01). The application to clinical cases increased more than twice

as much (+110.2%, p < 0.01). The control group only had minor improvements, with retention of

49.5 + 4.9 after Four weeks. Biological data in the form of complementary biochemical-analyses in

ischemia models supported significant time related damage in protein metabolism especially in the

situation of prolonged ischemia.

Conclusion: Active  module  was  significantly  better  than  lecture-based in  promoting  knowledge

acquisition,  retention, and utilization in clinical practice. The results indicate the potential  of the

module as a scalable and effective pedagogical innovation in the medical learning environment and
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toward a more robust clinical preparation.

Keywords: Antioxidants, E-learning, Hepatic ischemia, Medical education, Protein metabolism

Figure 1:  e-Learning Module on Liver Ischemia: A Comparative Approach to Enhancing Medical

Education on the Antioxidant Defense Mechanisms

The  given  graphical  abstract  explains  the  design  of  a  pilot  study carried  out  at  the  Azerbaijan

Medical  University  as  well  as  the  results  of  the  same (Figure  1).  Sixty  medical  students  were

randomly divided into  groups  of  lecture  and interactive  e-learning.  It  showed significantly  high

values  of  knowledge  gain,  retention,  engagement,  and  clinical  application  than  the  traditional

lectures proving very effective and worthwhile of application in the interactive e-learning module

setup.  The  results  indicate  e--learning  as  an  amplifiable  innovation  to  fulfil  the  void  between

theoretical training and clinical training in hepatology training.

INTRODUCTION

The  liver  is  one  of  the  most  metabolically  active  of  the  human  body  organs  where  protein

metabolism, detoxification, energy control and system homeostasis all intersect [1,2]. The familiarity

of ischemic injury is related to its higher metabolic requirement and profound vascular supply [3].

Hepatic  ischemia followed by hepatic  reperfusion leads to  a  sequence of  molecular  and cellular
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pathophysiology comprising of oxidative stress, mitochondrial dysfunction and overrun of reactive

oxygen species (ROS) [4]. All these processes collectively interfere with protein metabolism, cellular

bioenergetics and in the face of unabsorbed, indeed uncontrolled, lead, these phenomena culminate

in  hepatocellular  necrosis  and  fatty  hepatocellular  degeneration [5].  These  biochemical  and

molecular pathways have been widely studied within the discipline of biomedical science but they

are  in  themselves  quite  complex  and  hence  there  are  some barriers  to  effective  teaching  these

processes at medical and biochemistry undergraduate level [6].

Scope of the study and Background

Liver ischemia-reperfusion injury (IRI) is not only a basic biochemical issue, but also a clinically

significant one being observed in surgical operation of liver resection, transplantation, and trauma

treatment [7,8].  The  world  is  facing  increasing  hepatic  disease  burden  and  bouts  of  ischemia-

associated diseases are one of the primary causes of morbidity and death [9]. In developed healthcare

systems, the role of ischemic complications as a device in the progression of postoperative liver

malfunction is one of the leading issues, whereas in resource-limited parts of the world, the lack of

perioperative care  increases  the  risks  faced by the  patient [10].  Internationally,  the  dynamics  of

oxidative  stress  and  free  radical  formation  on  the  one  hand,  and  the  countering  antioxidant

mechanisms on the other, promote the complex nature of physiology and pathology of ischemia that

needs complex approaches to pedagogical concepts so that they can be presented to the medical

learners and clinicians of tomorrow [11-13].

Lecture-based teaching practices persist in medical education in many institutions throughout

the world,  most notably at  the local level in institutions in Eastern Europe,  South Asia,  and the

Middle East [14,15]. As much as lectures are structured in the dissemination of information, they

usually do not attract the occurrence of dynamic molecular cascades held in the course of hepatic

ischemia  and  antioxidant  responses [16].  The  disconnect  of  theoretical  education  and  clinical

knowledge provides a setback in training students to meet medical conditions in reality especially

surgical and critical care settings where ischemia and oxidative stress is an immediate concern [17].

Therefore,  the  fulfilment  of  this  gap  using  the  innovative  and  approachable  teaching  methods

demonstrates a local and an international importance [18].

Review of Literature

Interest in technology-enhanced learning in medical education has been increasing during the past

two decades [19]. Open educational resources (OERs) in the form of multimedia-based resources
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have  been  identified  as  important  means  of  engaging  learners  and  enhancing  conceptual

understanding and knowledge retention. By illuminating comprehension on critical medical concepts

and performing their studies on e-learning settings, their articles by [20-23] confirmed the fact that e-

learning  settings  are  more  conducive  to  study  by  virtue  of  being  interactive  and  flexible  than

regularly  scheduled  lectures.  Specifically,  animation-based  and  case-driven  modules  have  been

proved to enhance visualization of abstract processes including cellular signaling pathways, enzyme

kinetics, and pathophysiological processes [24,25].

In the research on the hepatology and biochemical studies, there has been the focus on the

role  of  antioxidants  in  the  regulation  of  damages  by  ischemia [26].  Oxidative  stress  has  been

acknowledged to be a key contributor to cellular damage, whereas glutathione, superoxide dismutase

and catalase have been classified as antioxidants, which are central defense systems. However, it is

not easy to teach such interactions. According to a study conducted by [27-29], medical students tend

to think that they cannot relate the biochemical pathways to the clinical phenomena, when taught

informatively by downloading static lectures. Most recently, interactive digital modules have been

reported to result in significant increase in understanding physiology, pharmacology, and metabolic

regulation cardiovascular  [17, 30,31]. Nevertheless, there is still no promising evidence about the

advantages of interactive e-learning, yet few modules have been particularly refined in such a way as

to help in the teaching of liver ischemia, as well as antioxidant defense mechanisms [20, 32].

Significance of the Research

The importance of this study was in the effort to fill the pedagogical gap between abstract theory of

biochemistry and practical relevance in the clinic. In addressing hepatic ischemia and antioxidant

defense our study was aimed at a topic area that students often report mixed cognitive overload

because the events that occur in a molecular context are multiple-layered [33]. Creating a module

course with interaction is a way to improve the visualization, stimulate active study and enhance LC

retention [34]. The research was also in line with the calls placed internationally to introduce open-

access digital tools into medical curricular, more so as a means to promote blending and self-directed

learning [35]. Outside academia, this study could have a bearing on enhancing clinical preparedness,

given that students with a robust conceptual understanding of antioxidants and ischemia-reperfusion

are well-placed to reapply this understanding in the clinical context of surgery and critical care [36,

37].

Research Gap
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E-learning in medicine is on the rise world-wide, to the best of my knowledge there were no studies

that would specifically have designed interactive platforms that were to be used to target biochemical

mechanisms underlying liver ischemia [38]. Despite the availability of teaching resources on general

biochemistry  or  pathophysiology,  few  modules  can  be  found  on  the  impairment  of  protein

metabolism,  ROS production,  and  antioxidant  defense  in  the  case  of  hepatic  ischemia [39-42].

Besides, there is not much evidence on how practical such modules can be in enhancing short-term

comprehension as well as the long-term retention of knowledge among medical students [43]. The

popular traditional lectures offer relatively few avenues to learners to interact with subject matter,

visualize an ongoing process or conduct case based problem solving [44]. In this case, this research

filled a well defined educational need / gap, since there were no specifically designed, interactive,

and clinically oriented, supportive resources used in e-learning to teach liver ischemia in the classical

medical education [20,45].

Research Questions

It was through the following research questions, which guided the study:

1. To  what  extent  is  the  application  of  interactive  e-learning  module  better  at  fostering  the

knowledge of hepatic ischemia and antioxidant defense mechanisms in medical students than a

conventional lecture-based instruction?

2. Just how effective is the e-learning module in retention with time?

3. What is the perception of the students in relation to usability, engagement, and clinical relevance

of the module in contrast to the existence of the traditional teaching methods?

4. The following are questions that influenced the study methodological approach. An experimental

research  design  was  used  wherein  the  students  were  randomly  assigned  to  a  control  group

(lecture  based  teaching)  and  an  experimental  group  (e-learning  module  since  the  system

functionality was in collaboration between students and the teacher). 

The acquisition and retention of the knowledge were measured and tested by pre- and post-tests,

whereas the student engagement and satisfaction were tested by structured surveys and the thematic

analysis.

Objective

In line with the research problem and research questions,  the study was aimed at  the following
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JMIR Preprints Abaszade et al

objectives. First, it tried to create and develop a communicative e-learning module with multimedia

animations,  ischemia-reperfusion  simulations,  and  case-based  exercises  that  explains  antioxidant

defense mechanisms during hepatic ischemia. Second, it intended to assess the impacts this module

on  enhancing  conceptualisation  and  knowledge  retention  by  undergraduate  medical  students,  as

quantified by using structured tests. Third, it attempted to examine student engagement, satisfaction

and  perceptions  of  clinical  relevance  by  survey  instrument.  The  methodology  adopted  a  mixed

approach  of  quantitative  and  qualitative  solutions  in  that  it  measured  the  learning  outcomes

objectively and provided insights into the learning experience of the learner in the subjective manner.

Relevant Information and Impact

The study form a part of the increasing number of scholarly work dedicated to digital innovations in

medical education as this research has confirmed the teaching worth of a certain design specific

interactive module designed to teach students about liver ischemia and antioxidant defense [46]. As

far  as  we  know,  this  was  one  of  the  first  open-access  resources  that  combined  molecular

visualizations  with  clinical  case  simulators  in  the  subject.  The  results  presented  evidence  that

technology enhanced learning may have a significant positive effect on understanding of abstract

processes in the field of biochemistry, long-term retention of academically-related information and

learner engagement [47,48]. Moreover, through an open educational resource model, the module also

had the potential to be shared to a greater number of institutions especially those in resource limited

scenarios where access to advanced laboratory training is limited [48,49].

In  brief,  this  paper  has  discussed  the  pedagogy  issue  associated  with  teaching  complex

hepatic ischemic biochemical mechanisms and antioxidant defense where in traditional lecture-based

training may be inadequate [50]. In the creation and assessment of an interactive e-learning unit, the

study simultaneously enhanced local pedagogical practice and, on an international level, added to the

discussion  on the  technology-enhanced medical  education [51].  The study presented  a  powerful

example of how multimedia-based teaching tools can be included in the medical curricula because its

effectiveness was tested in terms of conceptual understanding, knowledge retention, and engagement

[52].  Ethos was solid with methodological  rigor  backed by both quantitative determinations and

qualitative comments and allowed the findings to rest on a scientific foundation and a pedagogy

focus [53].
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Figure 2: Study conceptual  framework:  Interactive eLearning module on liver  ischemia and the

defense mechanisms of antioxidants

The figure 2 shown the rationale of the study including the background of liver ischemia, oxidative

stress,  the  teaching  gap  of  traditional  lecture-based  teaching,  the  introduction  of  interactive  e-

learning module with the use of animations, simulations, case-based exercises, and self-assessments,

the predicted outcomes that are better understanding, retention, engagement, and clinical relevance

of medical education.

METHODS AND MATERIALS

The  aim of  the  present  study was  to  define  the  issue  of  poor  teaching  approaches  to  complex

biochemical  processes,  particularly  liver  ischemia  and  antioxidant  defense  mechanisms,  and  to

visualize/understand all of the above using traditional lecturing methods [54]. To address this space,

the study attempted to determine the effectiveness of an interactive e-learning module relative to

traditional lectures [55]. The threefold specific objectives were to create an interactive multimedia-

based module that illustrates the disruption of protein metabolism and defenses against  oxidants

during ischemia, second, to test its value to medical students in gaining and retention of knowledge;

and  third,  to  examine  student  engagement  and  usability,  perceived  clinical  utility  in  medical

biochemistry  education [56].  These  goals  were  articulated  with  reference  to  previous  research

literature in which the shortcomings of medical education based on a simplistic concept of learning

by rote were suggested as being susceptible to the benefits of learning technologies [57].
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Research Site

The work was carried out at the Department of Medical Education Azerbaijan Medical University

where biochemistry training of the medical workers is studied at undergraduate level.

Research Philosophy and approach

The study was supported by a positivist philosophy in the sense that it based itself on outcomes that

can be measured and objective comparisons between a group. This position was suitable since the

main  objective  was to  find  out  the  success  of  an  intervention  with  the  aid  of  quantifiable  data

obtained through structured  knowledge assessments [58].  The quantitative  methodology was  the

main pillar of the research and it was complimented by the qualitative feedback which was used to

give contextual insight on the learning experiences [59,60]. Positivism framework was effective in

terms of objectivity, replicability, and rigor in measuring the hypothesized relationship with the mode

of teaching and the learning outcomes [61].

Research Design

Experimental research design was used, where two parallel groups were involved, intervention where

participants received an e-learning module and the control where participants were administered in

normal lectures. The decision on this design was motivated by the fact that it allowed establishing

causal relationships between the method of teaching and student outcomes due to manipulation of the

independent  variable  as  the  teaching  methodology  and  monitoring  alterations  in  the  dependent

variables as the test performance, retention and satisfaction [62]. The pre-test, immediate post-test

and delayed post-test was designed to address the baseline knowledge, short-term gains and long-

term retention respectively [63]. The pattern of the design was controlled comparative educational

research so that a difference in groups can be reliably examined with statistical tests.

Sampling Strategy

The population of study was third-year undergraduate medical students taking up the biochemistry

curriculum. Purposive sampling technique has been used and sixty students selected according to

being relevant to study goals. There was random selection whereby, thirty students were used in the

control group and thirty in the experimental group. Selection criteria included that they needed to be

third-year students to allow enough time to take teaching and testing sessions, and that they could

give informed consent. Students that had already attended relevant modules prior to taking the course

on ischemia or those who could not attempt all the tests were discounted [64]. The sample size was
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considered to be adequate, based on the previous researches in the medical education field, which

reached statistical significance in the same groups [65].

Procedures of Data Collections

Data were collected by first performing a baseline pre-test on both groups to assess prior knowledge

on topics of liver ischemia, protein metabolism and antioxidant trajectory. The control students were

then presented with traditional lectures taught by faculty members and the experimental group was

presented with an e learning module of the interactive type with a two week period [66]. Animations,

explanatory  videos,  ischemia  reperfusion  simulation,  case-based  learning  exercises  and  self-

assessment quizzes were planned to be included into the module, hence providing multimodal and

interactive learning experience. All students given a post-test on learning objectives (short-answer

and multiple-choice) immediately after the intervention period [67]. The test following the test was

carried out four weeks after to determine retention. During the exit survey the participants were also

invited  to  provide  feedback  by  filling  out  a  structured  survey,  consisting  of  both  Likert-type

comments  and open questions,  aimed to  reflect  on the  usability,  engaging qualities  and clinical

interest that the subject matter delivered [68].

Measures and variables

In  the  present  study,  the  instructional  method  was  used  as  an  independent  variable  and

operationalized  as  the  lecture-based  teaching  and  the  interactive  e-learning  module.  Knowledge

acquisition,  knowledge  retention  and  the  student  perception  of  the  learning  experience  were

dependent variables [69]. The standardized measures of knowledge were scored having the form of

100 as a standardized test and the reliability of the assessment tool was justified at a Cronbach alphas

value of more than 0.80. The validated survey instrument was used to measure student perceptions

and  had  a  high  internal  consistency  and  construct  validity  as  compared  to  the  other  published

frameworks that were used to evaluate education [70].
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Table 1: Research methodology overview of the interactive e-learning module study

Aspect Description

Aim
To compare interactive e-learning module with traditional lectures in

teaching liver ischemia and antioxidant defenses.

Design
Experimental,  two parallel  groups (Intervention: e-learning; Control:

lecture). Pre-test, post-test, delayed test.
Site  &

Participants

Azerbaijan Medical University; 60 third-year medical students (30 per

group), purposive sampling with random assignment.

Data Collection
Pre-test → Intervention (lectures vs. e-learning) → Immediate post-

test → Delayed post-test (4 weeks) → Exit survey.

Variables
Independent: Teaching method. 

Dependent: Knowledge gain, retention, student perception.

Analysis
Descriptive  stats  (Mean  ±  SD),  paired  t-test,  ANOVA,  thematic

analysis of feedback.

Ethics
Approved  by  Institutional  Ethics  Committee;  informed  consent

obtained.
The study design, participants, data collection, variables and analysis framework are summarized

below to compare the effectiveness of an interactive e-learning module with traditional lecture-based

teaching on liver ischemia and antioxidant defense mechanisms (Table 1).

Data Analysis

The data were analyzed with the help of Statistical Package for the Social Sciences (SPSS, version

26.0). Mean and standard deviation were calculated to describe test scores and responses to surveys

descriptively using descriptive statistics. Paired t-tests were used to compare pre-test scores and post-

test scores within each group and analysis of variance (ANOVA) to test the differences in scores

between each group at the three testing points [71]. Thematic analysis was used to analyse qualitative

data based on open-ended survey responses and permitted the identification of themes that arose

regularly across the themes of engagement, usability, and clinical applicability. This mixed-methods

approach to analysis gave quantitative data to show it works, as well as be able to give insight about

the experience of the students [72].

Ethical Considerations

The protocol of the study has been approved by the Institutional Ethics Committee of Azerbaijan

Medical  University  before  as  a  matter  of  priority.  Each  of  the  participants  signed  an  informed

consent  after  being  adequately  informed  of  the  affordances  and  mechanics  of  the  study.

Confidentiality and anonymity was maintained through provision of coded identifiers to participants
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and the storage of data in safe warehouses in such a manner  that  gave access to  a few people.

Voluntary engagement was encouraged and the student was made aware that at any point there were

no detriments to withdrawing.

Limitations

The authors of the study accepted a number of limitations in terms of methodology. Although the

sample size was adequate in the context  of statistical  testing,  it  restricted generalizability  of the

findings to extend to general populations (bigger population and/or more diverse). The relatively

small period of the intervention did not allow assessing long-term educational results outside the

retention test after four weeks [73]. Moreover, the use of self-reported measures of engagement and

satisfaction added a different source of bias since their answers could be biased by the notion of

social desirability. External validity was also limited by a single-institution setting. Notwithstanding

these weaknesses, the study design yielded strong and reproducible information about the possible

usefulness  of  interactive  e-learning  modules  in  the  progress  of  medical  education  of  complex

biochemical issues.

Figure  3:  Theoretical  framework  for  the  interactive  e-learning  module  on  liver  ischemia  and

antioxidant defense.
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Caption: This framework integrates multiple educational theories to guide the design and evaluation

of the e-learning intervention (Figure 3). Constructivist learning theory, cognitive load theory, and

multimedia learning theory informed the development of the interactive module, which incorporated

animations,  simulations,  quizzes,  and  case-based  exercises.  The  Kirkpatrick  evaluation  model

provided the structure for assessing student reaction, engagement, and knowledge gain. Together,

these  elements  addressed the research  problem of  limited  effectiveness  of  traditional  lectures  in

teaching complex biochemical concepts, leading to improved understanding, retention, and clinical

relevance.

RESULTS

Performance of the students in Experimental Group

Experimental group students (n=30) because they used the interactive e-learning module improved

significantly in all the measured indicators (Table 2). The means knowledge pre-intervention score

was 42.4 +/-3.3 and post-intervention score was 78.8 +/-3.3, (p < 0.01). At follow-up, retention rates

were high (mean (standard error) at 2 weeks=74.3 (4.7) and at 4 weeks=70.0 (2.9) vs a baseline of

39.4 (2.9), both significant (p < 0.01).

The same pattern occurred in terms of conceptual understanding wherein it was initially at

38.0 2.5, but later was 80.0 4.1 after the post-test (p < 0.01). Results also indicate that comprehension

was still very high at follow up with average scores of 75.2 3.8 at 2 weeks and 72.1 2.8 at 4 weeks

[74].  The level  of student  engagement,  which was quantified using well-designed questionnaire-

based surveys,  improved significantly between baseline (45.90 3.09)  and post-intervention (85.6

3.71) value (p < 0.01). The retention was relatively high during the follow-up (82.0 2.6/2 weeks; 78.7

3.5/four weeks). Knowledge retention as a factor-in-itself showed good results. Initial retention was

78.2 + 3.59, and on follow-up 73.0 + 3.1 and 71.5 + 3 3 at two and four weeks, respectively, this

established long-term superiority compared to baseline (p < 0.01). The knowledge in clinical case

improvement enhanced significantly, rising 29.0u215 3.0 pre-test to 70.2u294 3.2 at immediate post-

test (p < 0.01) and still high at two-week and four-week follow-up (68.0u294 2.9 at follow-up two

weeks; 66.0u294 2.5 at follow-up four weeks).

Comparison of the control and experimental groups

The similarities and differences in all indicators between the control group(lecture-based teaching,
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n=30) and experimental group turned out to be statistically significant (Table 3). The control group

scored an average of 9, 5.2 out of 21 knowledge questions whereas the experimental group scored

78.8 3.3 out of 21, which is a gain of +74.3%, p VI66. Conceptual was almost twice as high in the

experimental group (80.0 +/- 4.1 compared to 41.36 3.8; +93.7, p > 0.01).

There was a significant increase in student engagement in the experimental group (85.6 +

3.7)  than  in  the  control  group  (52.0  +  5.2),  thereby  a  relative  increase  of  +64.6% (p  <0.01).

Knowledge retention after four weeks was also higher in the experimental group (71.5 (+/- 3.3)) than

in control group (49.5 (+/- 4.9)) which amounted to a +44.4 improvement ( p < 0.05). The greatest

disparity was seen in clinical case application where performance in the experimental group (70.2 +/-

3.2) was more than twofold that of the control group (33.4 +/- 3.2), a difference of +110.2 percent (p

< 0.01). As a whole,  the experimental participants showed better results in regard to knowledge

acquisition, comprehension, engagement, retention and clinical application relative to the lecture-

based control  group.  The differences  were always strong with p-values  <0.05 and <0.01,  which

validate the strong effect of the e-learning intervention on outcomes in medical education [75-77].

Table 2:  Changes in Student Performance Indicators Following Use of the E-Learning Module on

Liver Ischemia (n=30, Experimental Group)

Parameter Measurement Pre-test

(Baseline)

Immediate

Post-test

2-Week

Follow-up  /  4-

Week  Follow-

up
Knowledge

score (%)

Mean ± SD 42.4 ± 3.3 78.8 ± 3.3 74.3  ±  4.7  /

70.0 ± 2.9
Knowledge

score (%)

Range 36.5–55.0 70.5–85.7 65.1–84.0  /

62.4–77.9
Conceptual

comprehension

(%)

Mean ± SD 38.0 ± 2.5 80.0 ± 4.1 75.2  ±  3.8  /

72.1 ± 2.8

Student

engagement

(survey, %)

Mean ± SD 45.9 ± 3.1 85.6 ± 3.7 82.0  ±  2.6  /

78.7 ± 3.5

Knowledge

retention (%)

Mean ± SD - 78.2 ± 3.5 73.0  ±  3.1  /

71.5 ± 3.3
Application  in

case  analysis

Mean ± SD 29.0 ± 3.0 70.2 ± 3.2 68.0  ±  2.9  /

66.0 ± 2.5
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(%)
Note:  Values  represent  average  performance  indicators  (knowledge  tests,  comprehension  tasks,

engagement surveys, and case-based applications) for students in the e-learning group. Statistical

analysis showed significant improvements (p < 0.01) between pre-test and post-test, with sustained

retention at 4 weeks.

Table 3: Comparative Changes in Student Learning Outcomes between Control (Lecture-Based) and

Experimental (E-Learning Module) Groups (n=30 each)

Learning

Indicators

Unit Control

Group

(Lecture-

Based)

Experimenta

l  Group  (E-

Learning

Module)

Improvemen

t (%)

p-value

Knowledge

score

Mean ± SD

(%)

45.2 ± 4.1 78.8 ± 3.3 +74.3 < 0.01

Conceptual

comprehensio

n

Mean ± SD

(%)

41.3 ± 3.8 80.0 ± 4.1 +93.7 < 0.01

Engagement

(survey

results)

Mean ± SD

(%)

52.0 ± 5.2 85.6 ± 3.7 +64.6 < 0.01

Knowledge

retention  (4

weeks)

Mean ± SD

(%)

49.5 ± 4.9 71.5 ± 3.3 +44.4 < 0.05

Application  in

case analysis

Mean ± SD

(%)

33.4 ± 3.2 70.2 ± 3.2 +110.2 < 0.01

Note: Values represent mean scores from pre- and post-intervention assessments. The experimental

group (students who used the interactive e-learning module) demonstrated statistically significant

improvements across all indicators compared to the control group (lecture-based teaching).

Parameters of Protein Metabolism after hepatic ischemia

Systemic protein metabolism biochemical analysis showed highly significant temporal changes in

response to 10- and 30-minute liver ischemia in rats. Total protein, albumin, globulin fractions, and

LDH activity values have been given in Table 4 and 5.
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Cumulative protein level demonstrated a marginal and constant change within the same

study period in the 10-minute ischemia group. On Day 3 concentrations were recorded at 55.7 = 2.6

g/L and reduced to 54.4 = 2.1 g/L on Day 7, then slowly recouped to 56.9 = 3.8 g/L and 61.7 = 2.1 g/

L after Day 15 and Day 30, respectively. Albumin produced a more distinctive initial deterioration,

falling on Day 3 to 20.3 +/- 1.6 g/L, and then linearly climbing to 29.1 +/- 1.3 g/L on Day 15 and

29.8 +/- 0.7 g/L on Day 30. In the acute phase, LDH activity was considerably higher, and achieved

values of 1968.4 lU/L and 1980.4 lU/L on Days 3 and 7, respectively (p < 0.05 vs. baseline). The

LDH activity  subsequently  decreased  in  a  progressive  manner  and was  1826.4  +-74.4  U/L and

1602.2 exact degrees +- 202.3 U/L on Day 15 and Day 30 respectively.

Changes of Globulin Fractions in long-lasting ischemia

The  rats  exposed  to  30  minutes  of  ischemia  demonstrated  the  more  significant  and  prolonged

disturbance of the fractions of globulins as 10-minute model. The concentration of 12.22 +/- 1.79 g/L

and 7.73 +/- 0.51 g/L were observed on Day 3 for 1A and 2 globulin, respectively. On Day 7, both

parameters declined ( 8.07 1.50 g/L; 4.46 0.68 g/L), and thereafter showed rapid increase. On Day

15, α1-globulin was 18.16 +/- 3.04 g/L and α2-globulin 18.11 +/- 1.98 g/L, peaking to 31.96 +/- 3.38

g/L and 42.90 +/- 2.52 g/L, respectively, on Day 30 (p < 0.01 vs. early phase).

There  was  a  corresponding  trend  in  temporal  pattern  in  the  case  of  β-globulins.

Concentrations on Day 3 and Day 7 were 6.86 g/l +/- 0.36 and 5.52 g/l +/-1.04 respectively. On Day

15 (18.98 +/- 2.05 g/L) and Day 30 (35.75 +/- 2.33 g/L) substantial rises were observed, which is

consistent  with  major  late-phase  rise  (p  <  0.01). The  concentrations  of  g-globilines  showed

continuously increasing pattern throughout the period of experiments [78]. Values were 6.34 stub +/-

0.58 gL on Day 3 and 5.05 stub +/-0.58 gL on Day 7. Concentrations were increased on Day 15 to

8.13 g/L +/ 1.99 (p < 0.05 in comparison with the early measurements) and even more on Day 30, to

18.01 +/ 2.26 g/L (p < 0.05 in comparison with the early measurements) [79].

Prolonged ischemia Enzyme Activity

The LDH activity indicated a considerable variation in time in the 30-minute ischemia model. The

baseline of activity was 1968.4 49.7 U/L that appeared on Day 3 and decreased only to 1980.4 51.8

U/L on Day 7. It showed reduction since the Day 15 (1826.4 74.4 +/- U/L) onwards till Day 30

(1602.2 202.3 +/- U/L) p <0.05.

Consolidated Findings
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The overall results of the Larsen model and the pumpr model showed an initial suppression of total

protein and albumin that began to incrementally recover as overall time increased in both of the

ischemia models. The fractions of globulins also presented changes in a time-dependent and dynamic

manner, where 11 and 2, and 81 and 9 0 -galobulin levels were significantly higher during later

ischemia [80]. The activity of LDH reached the highest in the first week and decreased steadily on

Day 30. These biochemical disturbances were found to be of greater magnitude and duration in the

30-minute ischemia group as opposed to the 10-minute group [81,82].

Table 4. Changes in Protein Metabolism Parameters in the Blood of White Rats Following 10-

Minute Ischemia

Parameter Unit Day 3 Day 7 Day 15 Day 30
Total

Protein

g/L 55.7 ± 2.6 54.4 ± 2.1 56.9 ± 3.8 61.7 ± 2.1

Albumin g/L 24.2 ± 2.4 20.3 ± 1.6 29.1 ± 1.3 29.8 ± 0.7
LDH

Activity

U/L 1968.4  ±

49.7

1980.4  ±

51.8

1826.4  ±

74.4

1602.2  ±

202.3
Note: p1 – Comparison with intact control group; p2 – Comparison with chronic intoxication model;

p3 – Comparison with 10-minute ischemia model.

Table 5: Protein Metabolism Parameters in Liver Ischemia

Parameter Unit Day 3

Mean ± SE

Day 7

Mean ± SE

Day 15

Mean ± SE

Day 30

Mean ± SE
Total

Protein

g/L 55.7 ± 2.6 54.4 ± 2.1 56.9 ± 3.8 61.7 ± 2.1

Albumin g/L 24.2 ± 2.4 20.3 ± 1.6 29.1 ± 1.3 29.8 ± 0.7
α1-Globulin g/L 12.22 ± 1.79 8.07 ± 1.50 18.16 ± 3.04 31.96 ± 3.38
α2-Globulin g/L 7.73 ± 0.51 4.46 ± 0.68 18.11 ± 1.98 42.90 ± 2.52
β-Globulin g/L 6.86 ± 0.36 5.52 ± 1.04 18.98 ± 2.05 35.75 ± 2.33
γ-Globulin g/L 6.34 ± 0.58 5.05 ± 0.58 8.13 ± 1.99 18.01 ± 2.26
LDH

Activity

U/L 1968.4  ±

49.7

1980.4  ±

51.8

1826.4  ±

74.4

1602.2  ±

202.3

Trends in descriptive protein metabolism parameters

Biochemical examination showed that there were temporal variations in the parameters of protein

metabolism after ischemia to the liver in the various experimental groups. Total protein and albumin

levels showed an early decline on Day 3 and Day 7 and were partially recovered by Day 15 and Day

30 [83]. As an example, the level of the total protein reduced to 55.7 g/L (2.6SD) on Day 3 and 54.4
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g/L (2.1SD) on Day 7 before improving to 61.7 g/L (2.1SD) on Day 30. A sharp drop in the albumin

level was noted at Day 7 (20.3 1.6 g/L) but recovered by Day 30 (29.8 0.7 g/L). Notably, marked

increases were observed in the fraction of alpha 1-globulin and alpha 2-globulin, especially, on Day

15 and  30 reaching  18.16 +/-  3.04  (g/L)  and  42.90 +/-  2.52  (g/L)  respectively.  7-globulin  also

increased significantly on Day 30 (35.75 +/- 2.33 (g/L)). Conversely, a steady increase of the γ-

globulin was noticed with a maximum of 18.01 +/-  2.26 g/L recorded on Day 30 [84]. Clinical

relevant  high  activities  of  lactate  dehydrogenase  (LDH)  were  observed  during  the  first  days  of

ischemia, 1968.4 +/- 49.7 U/L and 1980.4 +/- 51.8 U/L on Days 3 and 7, respectively, and then

gradually reduced to a value of 1602.2 +/- 202.3 U/L on Day 30 [85].

Measures Repeated Measures ANOVA

The output of the two-way repeated measures ANOVA is given in Table 6. The duration of ischemia

had a significant impact on all biochemical variables, such as total protein (F =12.46, p < 0.01),

albumin (F = 18.35, p < 0.001) and LDH activity (F = 19.76, p < 0.001). The effect of Time (Day

330) was also significant in all variables with F-values of 9.82 (total protein, p < 0.01) to 25.16 (q2-

globulin, p < 0.001) [86]. The effects of interactions (Duration x Time) were also significant in most

parameters, such as albumin (F = 7.14, p < 0.01), a1-globulin (F = 10.13, p < 0.001), and LDH

activity (F = 8.34, p < 0.001) and demonstrated that the changes over time differed with varying

duration of ischemia [87].

Post-Hoc Pairs Comparisons

The post-hoc Tukey tests verified special time-dependent differences (Table 6). Values on Day 30

were significant higher as the results on Day 3 in the case of total protein (mean difference = 6.0 g/L,

p < 0.01). Albumin was significantly decreased on Day 7 as compared to Day 30 (mean difference =

-9.5 g/L,  p < 0.001). Significant  changes  were also observed in  the globulin fractions.  The α1-

globulin grouping was highly significantly increased between Day 3 and Day 30 (mean difference =

-19.7 g/L, p < 0.001), whereas, the α2-globulin grouping demonstrated the highest temporal shift,

with Day 7 values being significantly lower as compared to Day 30 (mean difference = -38.4 g/L, p <

0.001).  The β-globulin  grouping also  showed a  comparable  trend with  the  Day.  In terms of  7-

globulin, concentrations were significantly greater on Day 30 than on Day 7 (mean difference = 13.0

g/L, p < 0.001). Activity LDH showed an important decrease between Day 7 and Day 30 (mean

difference = +378.2 U/L, p < 0.001), validating the progressive biochemical accommodation as time

goes on [88,89].
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Table 6: Two-Way Repeated Measures ANOVA for Effects of Ischemia Duration and Time on

Protein Metabolism Parameters

Parameter Source of Variation df F-value p-value
Total Protein Ischemia Duration 1,81 12.46 <0.01 **

Time (Day 3–30) 3,81 9.82 <0.01 **
Interaction (DurationΧTime) 3,81 5.67 <0.01 **

Albumin Ischemia Duration 1,81 18.35 <0.001 **
Time 3,81 14.22 <0.001 **
Interaction 3,81 7.14 <0.01 **

α1-Globulin Ischemia Duration 1,81 16.04 <0.001 **
Time 3,81 20.55 <0.001 **
Interaction 3,81 10.13 <0.001 **

α2-Globulin Ischemia Duration 1,81 21.78 <0.001 **
Time 3,81 25.16 <0.001 **
Interaction 3,81 11.40 <0.001 **

β-Globulin Ischemia Duration 1,81 13.94 <0.01 **
Time 3,81 15.67 <0.001 **
Interaction 3,81 6.25 <0.01 **

γ-Globulin Ischemia Duration 1,81 9.34 <0.01 **
Time 3,81 12.84 <0.01 **
Interaction 3,81 5.12 <0.05 *

LDH Activity Ischemia Duration 1,81 19.76 <0.001 **
Time 3,81 17.88 <0.001 **
Interaction 3,81 8.34 <0.001 **

Note: Values based on repeated measures ANOVA. df = degrees of freedom. *p < 0.05, **p < 0.01,

***p < 0.001.

Table 7: Post-Hoc Pairwise Comparisons (Tukey’s HSD) of Protein Metabolism Parameters Across

Time Points in Experimental Groups
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Parameter
Group

Comparison

Mean

Difference
SE

95%  CI  (Lower–

Upper)
p-value

Total Protein Day 3 vs Day 30 -6.0 1.8 -9.5 to -2.5 <0.01 **

Albumin Day 7 vs Day 30 -9.5 1.6 -12.8 to -6.2
<0.001

**

α1-Globulin Day 3 vs Day 30 -19.7 2.3 -24.3 to -15.1
<0.001

**

α2-Globulin Day 7 vs Day 30 -38.4 2.8 -44.0 to -32.8
<0.001

**

β-Globulin Day 3 vs Day 30 -28.9 2.1 -33.0 to -24.8
<0.001

**

γ-Globulin Day 7 vs Day 30 -13.0 2.0 -17.1 to -8.9
<0.001

**

LDH Activity Day 7 vs Day 30 +378.2 55.4 268.9 to 487.5
<0.001

**

Figure  4:  Pre-post  differences  in  indicators  measuring  student  performance  after  the  e-learning

module on the ischemia of the liver (n = 30, experimental group)

Figure 4 shown pre-test baseline values, and immediate post-test results, two and four-week follow-

up  knowledge  scores,  conceptual  understanding,  student  engagement,  knowledge  retention,  and

application to case analysis. Data are presented as mean +/- SD, and range, where appropriate.
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Figure  5:  Comparison Line  Graph of  Student  Learning Results  in  Control  (Lecture-Based)  and

Experimental (E-Learning Module) Groups

Comparison  of  changes  in  student  learning  outcome  in  terms  of  knowledge  score,  conceptual

understanding, engagement, knowledge possession together with knowledge application as assessed

during  case  analysis  between  the  control  group  (lecture  based)  and  the  experimental  group  (e-

learning module) (Figure 4). The data are expressed as mean values + SD, per group (n = 30). The

control group showed statistically significant lagging against all indicators where the experimental

group was performing better (p < 0.05).

https://preprints.jmir.org/preprint/82797 [unpublished, non-peer-reviewed preprint]



JMIR Preprints Abaszade et al

Figure 5: Shifts in the Parameters of Protein Metabolism in the Blood of White Rats after 10-Min

Ischemia

Figure 5 shows the average of (mean + SE) of total protein and albumin, as well as LDH in the blood

of white rats. The measurements of these parameters were taken at several time incidences (Day 3, 7,

15, and 30) under a period of 10 min when induced ischemia was being emerged.

Figure 6: Parameters of Protein Metabolism of Liver Ischemia
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Figure 6 displays the mean (and standard error of the mean) of the levels of total protein, albumin,

and various globulins (alpha1-, alpha 2- , beta- and gamma-globulin), and LDH activity in the blood

of white rats. The experimental data was obtained on Day 3,7,15 and 30 after liver ischemia event.

Figure 7: ANOVA Results of the Influence of Ischemia and Time Effect on Protein Metabolism

This grouped bar chart shows the F statistics of a two-way repeated measures ANOVA with Ischemia

Duration, Time (Day 3-30), and their Interaction as explanatory factors on seven different protein

metabolism outcomes (Figure 7). The bars in each group display a particular parameter, whereas the

in-group color bars indicate the source of variability. Each bar is the height reflecting the F- value;

the higher the F- value, the stronger the impact of this factor on the parameter. All there appear to be

statistically significant (p<0.05) effects. The analysis shows that the most significant impact is on

broadcasting of all the parameters except those parameters all the time or least informative effect on

the observations, especially on 2- Globulin (F (3, 81 )=25.16). 
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Figure 8: The Waterfall Analysis of Impact of Time on Protein Metabolism Parameters

This waterfall chart details the means difference in protein metabolism parameters at different time

points based on a Tukey HSD post-hoc analysis (Figure  8). The last bar indicates the addition of

overall effects of the changes. Negative values- decrease, positive values- increase.

DISCUSSION

This paper examined two related areas of liver ischemia and antioxidant protection, including the

educational  benefit  of  an  interactive  e-learning  module  on  medical  student  learning  and

understanding of biochemical processes as well as the experimental evaluation of animal models of

hepatic ischemia-induced alterations in protein metabolism [90]. Combined, these findings can serve

medical education and biomedical science to fill the education gap in the instruction of complex

biochemical processes as well as the biological transitions that happen during ischemia-reperfusion

injury [91].

Educational Findings Interpretations

The findings showed that,  the students  using the interactive e-learning module had significantly

higher  scores  in  knowledge  acquisition,  conceptual  understanding,  engagement,  retention  and

application to clinical case than the students who are provided with more traditional instruction on

knowledge and concept acquisition using lectures [92,93]. The experimental group reported a value
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of above 74 percent increments in the test scores of knowledge, which was almost doubled compared

to the control group in terms of conceptual understanding. Significantly, the gains were short term, as

well as lasting, on a four-week follow-up, which means the digital module has a long-term education

value [94].

These  gains  are  indicative  of  interactive  forms  of  pedagogy  enabling  students  to  experience

complicated  processes  of  biochemical  dynamics  better [95].  The  module  included  animation

examples, ischemia-reperfusion simulations and case-based learning to depict dynamic illustrations

of molecular cascades, which would not have been achieved in a traditional lecturally-based course

[96]. These long-term retention of knowledge also indicate that knowledge may be less susceptible to

cognitive overload when visual and case-based reinforcement are considered as alternatives when it

comes to teaching a complex process like oxidative stress and antioxidant defense mechanisms[97].

Interpretation of Biochemical Result

Protein  metabolism  and  enzymatic  activity  were  significantly  affected  by  ischemia  in  the

experimental animal model. The short-term ischemia (10 min) resulted in a small reduction in total

protein and albumin levels with a gradual improvement over time to Day 30, whereas the LDH

activity almost returned to normal by Day 9 [98]. By comparison, biochemical changes were more

intense and unresponsive due to prolonged ischemia (30 minutes), with the exception of globulin

fractions. The level of  α- and β-globulin showed significant increase later during the study period

whereas there is a gradual rise in γ-globulins [99,100].

These results indicate a biphasic effect in hepatic ischemia [101]. The early albumin and total

protein declination indicates hepatic protein deficiencies as production of proteins in the form of

albumin and total protein is impaired since there was mitochondrial dysfunction and oxidative stress

[102,103].  The increase of activity of LDH in acute phase shows the presence of hepatocellular

damage because LDH comes into the blood after damage to the cell [104]. The postrebound rise in

globulin fractions  at  later stages is  in part  an adaptive response of the acute-phase proteins and

immunoglobulins, to which liver is central in initiating systemic defense/repair processes [105].

The Comparison of the Previous Research Studies
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The study outcomes as regards to education correlate with previous research findings which tout the

efficacy  of  technology  in  learning  within  the  field  of  medicine.  [106,107] also  stressed  that  e-

learning  modules  help  achieve  flexibility,  interactivity  and  better  engagement  of  the  learner  as

opposed to conventional means.  On the same note,  [108] observed that  medical students find it

difficult to apply biochemical pathways in their clinical practice because of conventional lectures-

based teaching, and the need to use interactive modules. Our findings agree with these observations

showing not only a better acquisition of knowledge but also a higher application to clinical cases

much needed in medical training [109,110].

Biochemically, our results are corroborated with classical researches on hepatic ischemia-

reperfusion  injury.  Summarized  the  sequence  of  oxidative  stress,  impairment  of  mitochondrial

functions, and destruction of protein synthesis during ischemic injury [111,112]. NeWER research

findings also discovered that albumin and total protein are lost during the early stages of ischemia,

whereas later on, acute-phase proteins (globulins) are regulated  [113,114]. Significantly increased

LDH  activity  is  a  consistently  described  feature  both  in  laboratory  and  clinical  models  of

hepatocellular injury, which validates our findings [115].

The  progressive  increase  in  concentration  of  total  protein  and  albumin  by  Day  30  is

reflective of the regenerative nature of the liver, which has been reported earlier in rodents [116].

Nonetheless, the disproportionate increase of β- and γ-globulins in long-term ischemia indicates the

activation of a more potent inflammatory and immune response, which can be linked to the cytokine-

mediated pathways and acute-phase reactions discussed in clinical hepatology studies [117,118].

Explanations of Observed Results Scientifically

These educational results can be elaborated with the notions of principles of cognitive load theory

and the principles of multimedia learning theory. Interactive animations and simulation minimise

extraneous  cognitive  load  by  offering  visual  avenues  to  complement  verbal  information  into

bandwidth to work memory efficiency [119]. Active learning through case-based exercises gives

strength to long-term memory consolidation because of problem-solving. These processes reason

why students did not only perform well right away, but also remembered more weeks later [120,121].

The pathology of ischemia involves exhaustion of ATP and excess formation of ROS,

resulting  in  inhibited  protein  synthesis  and structural  cellular  damage biochemically.  Decreasing

albumin levels in the early phase can be explained by suppression of hepatic ribosomal activity and

hepatocellular oxidative damage [122, 123]. When cholinergic enzymes enter the cytoplasm, leakage
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is shown as an increase in LDH. Subsequent rise in globulins can be due to hepatic activation of

acute-phase  proteins  (alpha-  and  beta-globulins)  and  compensatory  immune  responses  (gamma-

globulins)  caused  by  the  pro-inflammatory  cytokines  TNF-a  and  interleukin-6 [124,125].  These

observed patterns are in accordance with the duality liver plays in the metabolism and immunity of

the system [126].

Figure 9:  Influence of Interactive E-Learning Using Simulated Patients vs Lecture-Based Teaching

of Liver Ischemia Education

Similarities and differences in achieving knowledge acquisition, knowledge retention, engagement,

and  clinical  application  between  lecturer-based  and  interactive  e-learning  modules  in  medical

students in the case of liver ischemia and antioxidant defense mechanisms (Figure 9). The e-learning

group had a significant improvement in knowledge score between the pre-test score and post-test

score to have sustained scores at  four week mark,  whilst  the lecture-based one showed minimal

changes.  The  level  of  student  engagement  and the  application  of  knowledge  into  practice  were

considerably increased in the e-learning group, which points to the pedagogical efficiency of the

interactive learning in medical training.

Study Implications

There are two implications of this study. First, to the field of medical education, it has shown to be a

better tool in teaching medical students complex concepts of biochemical nature thereby showing

that the modules should be incorporated into the various medical curricula around the world [126,

127]. In light of these data, which indicate that hepatic diseases are becoming more common and that
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ischemia is regularly encountered during surgery and transplantation, it is important to ensure that

the students are well  empowered with both strong conceptual and clinical insights [128,129].  In

addition, open-access modules can also be useful to institutions in resource-limited whereby lab-

based experiential learning cannot be provided.

Second,  the  biochemical  results  support  the  notion  of  oxidative  stress  and  protein

metabolism imbalance  playing  a  key  role  in  ischemia-reperfusion  injury  in  case  of  biomedical

science [130]. The areas of diff erent sensitivity between short ischemia and long ischemia indicate

the  role  of  the  ischemia  duration  as  a  measure  of  hepatic  outcome  severity [131].  Such

understandings can inform therapeutic approaches, e.g., to maximize ischemic preconditioning, or

devise  antioxidant  therapies,  or  construct  perioperative interventions  to  counter  impaired protein

metabolism in liver surgery and transplantation.

Study Limitations

Other limitations of the study existed The evaluation phase was carried out at one institution and the

sample size of students is quite small  (60 students), which can limit  the scope of generalization

[132]. Follow-up was only four weeks only and longer term retention could not be assessed. Also,

the data concerning engagement and satisfaction are self-reported that introduces a bias.

The  biochemical  component  was  quite  informative,  it  was  a  single  rat  model,  which  may  not

necessarily reflect the complexities of the human liver ischemia. The investigations were centered on

protein metabolism and LDH activity; other indicators characterizing oxidative stress, mitochondrial

enzymes,  cytokines  of  the  inflammatory  response  would  have  given  a  deeper  insight  into  the

processes [133]. Nevertheless, the overall evidence provides solid ideas concerning pedagogical and

biological aspects of the sonic hepatocellular ischemia.

Future Directions

The results of this research point at various areas that future research can be done not only in medical

education, but also in biomedical science as well. On a research front, it would be desirable to study

the application of interactive e-learning modules to other biomedical fields and see whether the same

effect can be realized in terms of knowledge retention [134]. Generalizability and long-term effects

are to be proven through bigger, multi-institutional studies with varied student memberships. Also

adaptive learning and gamification,  virtual  or augmented reality  could be considered to  improve

https://preprints.jmir.org/preprint/82797 [unpublished, non-peer-reviewed preprint]



JMIR Preprints Abaszade et al

interactivity  and  clinical  relevance [135-137].  Future  longitudinal-studies  of  students  later  into

clinical practice would be useful to determine whether there is a translation of pedagogical findings

to better patient care and decision-making outcomes [136].

In  the  biomedical  part,  the  animal  model-findings  invite  further  research  on  the  finer

molecular  processes  involved  in  protein  metabolism-disruption  during  ischemia.  Biomarkers  of

oxidative stress,  inflammatory cytokines,  and mitochondrial  activity  should be inserted in  future

studies to give a more in-depth description [138-140]. Translational studies are especially justified to

bridge  the  gap  between  the  work  on  animal  models  and  their  use  in  liver  transplantation  and

operation [141]. 
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Table 8: Comparative Analysis of Educational Approaches and Biochemical Investigations in Liver

Ischemia Studies: Addressing Gaps in Medical Education and Biomedical Research

Citations

Interacti

ve E-

Learning

Module

for

Biochemi

cal

Educatio

n

Impact

of

Ischemi

a on

Liver

Protein

Metabol

ism

Use of

Animations

and Case-

Based

Learning

Long-

Term

Knowledge

Retention

Single

Animal

Model for

Ischemia

Limited

Sample

Size in

Educationa

l Study

Our Work ✓ ✓ ✓ ✓ ✓ ✓
[6,19,20,24,25,30,5

6]
✓ X X ✓ X X

[21,23,31,75] ✓ X ✓ ✓ X X
[3,7,14,26,36] X ✓ X X X X
[14,26,115] X ✓ X X X X
[116,34] X ✓ X X X X
[11,124] X ✓ X X X X

Future Research 

Directions (Our 

Study)

✓ (study 

of e-

learning 

in other 

biomedic

al fields) 

[21,76]

✓ 

(research

on finer 

molecula

r 

processe

s) 

[26,38,4

2]

✓ 

(gamificatio

n, virtual 

reality) 

[93,135,136]

✓ 

(longitudin

al studies of

clinical 

practice) 

[75,66]

✓ 

(biomarkers

, cytokines, 

mitochondr

ial activity) 

[35,41,42]

✓ (multi-

institutional

studies with

larger 

sample 

sizes) 

[15,132]
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This table compares key features in the current study with previous research on the use of interactive

e-learning  modules  in  medical  education  and  biochemical  investigations  of  liver  ischemia.  The

analysis highlights the unique contributions of this study, such as the combination of digital learning

tools, long-term knowledge retention,  and a single animal model,  while identifying gaps in prior

research, including the lack of multi-institutional educational trials and comprehensive biochemical

analysis of oxidative stress in ischemic conditions.

CONCLUSION

This research has examined how protein metabolism and antioxidant defense mechanisms change

over  the  course  of  time when it  comes  to  situation  of  liver  ischemia  with  and without  chronic

intoxication. The findings showed that ischemia seriously perturbed the systemic protein, which was

manifested by decreased total protein and albumin, fractionations of globulins changed, and LDH

activity  increased.  These  effects  were  stronger  in  extended  ischemia,  which  validated  a  time-

dependent  correlation  between ischemic  time and metabolic  imbalance.  The statistical  tests  also

confirmed that both the ischemia length and the time line of the experiment were significant with

strong interaction effects, especially the albumin, globulin fractions, and the LDH activeness. Post

hoc comparisons revealed unique differences between the phases meaning that there were acute and

adaptive alterations in the protein metabolism during the 30-day experimental interval.

The results  satisfied the study purpose since they elucidated the effect  of ischemia on

metabolic and oxidative stress markers and showed that antioxidant defenses were involved. This

study provided new information by offering new scientific information on phase-dependent changes

in the plasma protein fractions throughout ischemia. Further research is necessary on a therapeutic

approach especially an antioxidant-based intervention to alleviate hepatic ischemia-induced injury

and enhance postintervention recoil in clinical hepatology.
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